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ABSTRACT

A preliminary design of the selected 30-watts/pound rollup solar array has
been accomplished. Supporting technical analyses including electrical, loads,
dynamics, stress, weights and thermal have been performed. The selection of
materials and processes and the manufacturing feasibility have been investi-
-gated and fulfill the "'state-of-the-art" constraints of the Design Specifica-
tion. S8pecial support equipment has been identified for handling the flexible
solar panels and the complete array. Significant engineering tests were per-
formed to substantiate the analytical approach and to verify the solar array
design. A full scale model was fabricated and demonstratedjto illustrate -
the deployment/retraction characteristics of the design. The selected solar
array design produces 31.16 watts of power per pound of weight as established
from a detail weights analysis and a solar cell electrical output of 10-watts/

square foot at air mass zero, at 55°C and 1 A.U. equivalent solar intensity.
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1.0 INTRODUCTION AND SUMMARY

This final report is submitted by the Ryan Aeronautical Company to the Jet
Propulsion Laboratory in accordance with Article I, (a), (2) (iv) and
“Article II, Item (a) (8) of Contract No. 951971. The report presents the
-results of work performed from date of contract (23 June 1967) through

21 June 1968.

The data presented in subsequent sections are reported as summary information,
developed in evolving a preliminary design of the solar array configuration.
The detail investigations of subsystem and component evaluations and the para-
metric type analysis performed were reported in the Quarterly Reports

(References 1, 2 and 3) which preceeded this report.

The selected rollup solar array configuration provides 1,000 square feet of
solar cell area. This solar array configuration is composed of four Roll-up
Solar Arrays each of which provide 250-square feet of gross solar cell area.

The rollup solar array consists of four major elements:

» Vehicle Mounting Structure
« Wrap Drum/Panel Support Structure

Wrap Drum

« Solar Panel

Design trade studies, analysis and development verification tests were con-
ducted to select the most promising configuration. A detail preliminary
design of the selected configuration has been performed. This design has
been conducted in depth to identify all elements of the solar array. The
major drawings which define the selected design are contained in Section 7.5.
Detail stress, dynamic thermal and weights analysis has been perfofmed to
insure, with maximum confidence, conformance with the detail specification

requirements.
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Tests were performed during the study and preliminary design activities to
identify suitable materials and to establish their characteristics. A full
size drum with six substrate panels, mass loaded to simulate the 250-square .
foot solar panel, was tested to the 40g (0 to peak) sinusoidal launch environ-
ment. This test which is the most critical design environment was conducted
to confirm the system dynamic characteristics and to substantiate the

analytical predictions and to verify the critical elements of the solar array.

A full scale model was fabricated to demonstrate the deployment/retraction
characteristics of the array design. This model is described with photographs

of various extension positions in Section 2.7.

The calculated weight of the major elements of the 250-square foot rollup

array is summarized as follows:

CALCULATED
ITEM WEIGHT - POUNDS

Array/Vehicle Mount 5.83
Drum/Panel Support 3.67
Drum Assembly 11.35
Panel Assembly 10.95
Deployment/Retraction System 7.26

TOTAL STRUCTURE 39.06
Solar Cell and Electrical @ 0.165 lb/ft2 41.37

TOTAL 80.43 Pounds

A comparison of the selected rollup solar array performance characteristics
with the contract and specification requirements confirm that the selected

design will fulfill the objectives of the program.
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CONTRACT REQUIREMENTS

SELECTED DESIGN
CONFORMANCE

Power Output - 10.0 watts/square foot

2 cmx 2 cm N/P 8 mil cells and mil

cover glass
Maximum number of cells per square foot - 225
Gross cell area 250-square foot nominal
Power Output per solar panel - 2.5 KW
Nominal Panel Weight - 83.33 pounds

Power/Weight - 30-Watts/Pound

10.0 watts/square foot

Same

224,
250.72
2.507
80.43

31.16
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2.0 TECHNICAL DISCUSSION

2.1 APPLICABLE DOCUMENTS

a. System Specification No. SS501407, Rev. A, dated 4 January 1967, titled:
ROLLUP SOLAR CELL ARRAY, 30-WATTS PER POUND, DETAIL REQUIREMENTS FOR.

b. Contract No. 951971, dated 26 June 1967, California Institute of
Technology, Jet Propulsion Laboratory, for a FEASIBILITY STUDY, 30-WATTS

PER POUND, ROLL-UP SOLAR ARRAY.

2.2 PROGRAM OBJECTIVES

The objective of this program has been to perform a design study and analysis,
concluding with a preliminary engineering design, of a 250-square foot, rollup,
solar array capable of producing 30-watts per pound, or greater. A part of
this study has been devoted to evaluating the feasibility of manufacturing

the rollup solar cell array from existing materials and technologies, or,

from materials and techniques that could be developed to production use, one

year from the conclusion of the Phase I study.

The design criteria defined in the detail specification (Reference 4) estab-
lish the electrical and mechanical features of the rollup solar cell array

and the environmental constraints for selecting acceptable materials and
processes. For clarification purposes the complete rollup solar array is
defined as 1,000 square feet of displayed solar cell area, arranged on a
spacecraft as four autonomous subarrays, each of 250-square feet. All further
discussion in this report will therefore be concerned with an array area of

250-square feet.

The design study was also concerned with the equipment directly associated
with support tasks for an array program, such as handling and transportation
-fixtures, product testing, etc. Likewise, fabrication feasibility studies
were concerned with such suﬁporting functions as repair and replacement proce-
dures for damaged components and with development of reasonable increments of
éctivity time for the design, development (fabrication), test and evaluation

of a full scale prototype, solar array.
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A further objective of Phase I was to assemble a model of the selected con-
figuration which would adequately demonstrate the deployment/retraction

characteristics of the design.

2.3 PROGRAM APPROACH

The approach employed to achieve the objectives of the program consisted of:

The selection of the most promising rollout array concept that pro-

vides the following characteristics:

Design simplicity,.

Maximum power/weight,

Positive deployment/retraction system,
Growth potential,

Minimized damage effects,
Analytically predictable, and

Manufacturing suitability.

Trade-off studies and analysis to establish the most efficient design

for the major subelements of the solar array.

Preliminary design of the selected configuration and engineering
development tests to verify the analytical predictions and/or design
characteristics.

Full scale solar array model fabrication and demonstration.

2.3.1 Concept Selection

In preparing Ryan's precontract proposal to conduct the Phase I Feasibility
Study, work performed on previous deployable solar cell array concepts was

reviewed for applicability to contract objectives, particularly a design

D



for a 50-square foot array, Figure 1, Reference 5. This experience encouraged
Ryan to use the 50-square foot design as the baseline concept for an array
capable of producing 30-watts per pound. Investigations had shown that the
general arrangement was well-suited to the envelope described in the JPL

~ Specification, Figure 2.

The design utilizes two extendible beams that continuously support a flexible,
film-type substrate aldng each longitudinal edge. The beams, made of metal,
are approximately circular in cross section when extended. They readily com-
press to the equivalent of flat metal strips, capable of wrapping about a
cylindrical storage drum. Direction and support of the extended beams is pro-
vided by an arrangement of ''guides' that are integral with the drum and drive
system support structure. The solar cell layout, circuitry and connecting
devices are designed to match the flexibiility of the substrate. A mechanical
drive system, arranged to synchronously actuate both beams, is used to

accomplish array deployment and retraction.

Experience gained in fabricating the full scale 50-square foot design lent
confidence to the fabrication feasibility of a much larger array. Model fab-
rication and demonstration and component testing had established correlation
with the original design philosophy and analytical methods that were used.
There was sufficient evidence in each aspect that was considered to warrant
~selection of the design concept for initial study and evaluation. This
decision then permitted an early detailed investigation of array subsystems
that would otherwise have been deferred until conceptual studies were

completed.

2.3.2 Trade-Off Studies

2.3.2.1 Design Studies

Studies were conducted during the initial phase of the contract considering
suitable candidate concepts, materials and processes for each of the major
items of the solar array. A matrix table was established and each of the
items evaluated in order to establish the preferred design. Table 1 illus-
trates the matrix chart, identifies the items considered, their numerical

evaluation and denotes the selected design concept.
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Figure 1 50 Square Foot Roll-Up Solar Array Vertically Deployed
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TABLE 1

TRADE STUDY SUMMARY

Walght
Concept {vverall Fabrleation Relative Final
Item Description No welght eifect) | Lenuinility | eliability Cost Communts Evaluition
e =
1. Pruny Beam Fixed Drum and Pivoiing ta 2 - 2 Deslgn Based on JPL Model 208, Large 2
Mounting Untlde Retracted Size Caused Excessive Gulde
N Movement.
—— SR Equal
Flouting Drum and Fixed b 1 1 1 System Eliminates Loss Destruble 1
Guides Fealures of 208 Model.
2. Muunting to Tubular Mounting 2a 3 B 1 1 Dynamicully Unfaverable 3
vehiels —_—
hicle “X" Form Mounting 2 2 a 3 3 Dynumically Unfavorable 2
Box Mounting 2¢ 1 1 2 2 Dynamicaily Acceptable 1
Mounting with Shock 24 4 4 4 4 Large Excursion of Shock Mounts (1:3) 4
Mounts Makes Design Unfuvoruble
3., Substrate Fiberglues KEY 2 3 2 3 Brittle and Prone to Handling Damage, 2
Uood Bunding Propertivs. ‘Good
Repatrubility and Tear Resistance,
Mylar 3b 1 2 3 1 Relatively Good Handling Churacter- 3
istics. Bonding Susceptible to Gamma
Hadiation Dumage. Puor Reslatance
to-Suldering Heat,
Kapton de 1 1 1 2 Retuatively Good Handling Character- o1
istics, Bonding and Repairability
Qualities Need Improving,
4. Beam ‘Titanium 4a H 1 1 . 3 ‘Needa Coatings to Reduce larger 13
Thermal Gradients,
Beryllium Copper 1b 3 2 3 2 Beut Thermal Properties 3
Stainless Steel e 2 3 2 1 2
5. Drum Chem Milled 5a & 2 2 Z 2
Assembly Magnesium Skin
Honeycomb Drum 5b 1 3 3 3 4
Skin (No Stiffencrs)
Berylljum Skin 5¢ 1 4 2 4 Conaiderabile Fubricution Difficulty 3
With Stiffeners IDue to Excessive Handling of Toxic
Mulerlal. May Have Flaws in Sheet.
Magnesium Skin with Light{  5d 2 1 1 1 1
ness Holes and Stitfeners.
6. Mechanicu] Siticoue 10 Silicone Gu 4 1 4 1 4
Drive System | Friction Drive
‘Toothed Rack op Beam 6h 2 2 2
(Silicone or Polyurethune) i
Touthed Back on Beam e 1 4 4 This Shows Considerable Welght 1
(Formed Titanium Strip) Suving un Other Schemes.
‘Toothed Sprocket Wheel, wd T 3 3 3 3
Matching Holes in Beam
1. cetrical Coiled Contlnuous Ta 3 1 1 1 Excessive Welght Approx. 100% ) 2
Lead-Out Harness Heavier thun Internal $lip Ring.
Exteenul Disc Sip lings ™ 2 3 4 3 Difficulties due to Flouting Drum 3
Iiternal Sleeve Slip Rings 7e¢ 1 2 2 2 Considerable Weight Saving Over 1
Other Schemes
8. Molor Single Gearmotor Dpive Bz 1 z 1 Failure of Single Motor Mukes Roll 2
Drive . Up Unit Inupurable,
gual
Double Gearmotor 8 2 Haa 1 2 Roll Up Unit Capable of Operating 1
(Redundam Drive) With One Motor Dead.
9. Cel 180 Series ~ 1 i 2 1 More Optimum Match to Converter 1
Layout and Conditioning Equipment.,
80 Series - 2 2 1 2 Higher Power Loss Due to Higher 2
Current.
10, Solar Cell 2 x 2 em Bar Contact - - 1 ) Conventionai Approuch; Highest 3
Type 1 Reliubility; Lowest Power
“2x2em Coruier - - 2 2 Highest Power per Given Area 2
Dart Contact
2 x § um Bar - - 2 3 1 Guod Area Utitization; Lowest cost 1
Cuntact Per Unit Area.
11. Bussing Cupper 3 3 2 2 Lowest Power Loss; Enhances 3
Material :g Structure,
.
Aluminum 4 g 2 L 1 3 1 Moderate Power Losy; Enhances 2
§ a z Structuve
g I
Copper - Clad @ @ ] 2 1 3 Low Power Loss; Goud Fabrication; 1
Aluminum Enhunces Structure.
Teflon Couted Individuat - 6 - 5 5 Uigh Weight; Difficult to 6
Wire Fabricate
‘Teflon Coated Ribbun - 5 - 1 4 Fxcess Weight 5
Kapton Cuvered Ribbon - 4 - 4 4 Excess Weight 4
12, Solar Cell Molybdenum, Silver - 4 2 1 3 High Cost: Difficult to Control 2
Inter- Plate Processing i
Connections [T e, Bilver - 3 1 1 1 Currently Uswed on Numerous 1 i
Plate Sitelbites,
Alumbnum, Nickel and - 1 4 2 2 Ditffcull to Work. 3
Silver Plate o
Alupsinum, Copper and - 2 3 3 Z Ditlieult to Work 4
Silver Plute




2.3.2.2 Analytical Studies

Concurrent with the design studies analytical and parametric investigations
were conducted to evaluate and substantiate each of the various candidate

~designs. The following basic tasks were accomplished:

a. Conducted a complete detailed weight analysis of the proposed design con-
cept for use as a target design weight during the trade-off study and
detailed work in Phase I. Weight contingencies were added whenever per-
formance confidence was questionable. The watts/pound calculated from
this target weight was based upon, (1) the baseline requirements of
10-watts/square foot, (2) a possible 4% factor above nominal structure

weight to allow for materials and manufacturing tolerance variations.

b. Maintained a calculated power/weight monitor based upon various trade-off

study concepts and detail design changes.

c. Analytically compared the effects, on panel structure and solar cell
structural integrity, of the launch environments of sinusoidal vibration,

acoustics, random vibration, and steady-state acceleration.

d. Used to advantage for analysis and refinement of this design the results
as they became available, of the environmental qualification test of the

50-square foot rollup panel.

e. Conducted detailed sinusoidal dynamic analysis of the stowed configura-
tion to find natural frequencies for use in determining load distributions
for stress analysis. Refinements of the structural design were then made
to minimize deflection of the stowed panel by decoupling the following

basic structural components:

ey wrap drum
(2) stowed panel

(3) wrap drum end plates

(4) spacecraft mounts.
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f. Conducted thermal analysis of deployed panel to determine solar cell

operating temperatures near Earth and Venus encounter. The baseline
solar cell power output of 10-watts/square foot at 1 A.U. was verified.
Effects on temperatures using Kapton and fiberglass substrates were

.analyzed.

g. Conducted circuit analysis to establish optimum cell arrangement and

output voltage levels.
h. Investigated and optimized power transmission system.
i.  Conducted component and materials suitability tests.

2.3.3 Preliminary Design andbAnalysis

A preliminary detail design of the selected solar array concept was conducted
This design activity was extended in depth to include and identify all ele-
ments of the array and the preparation of drawings from which prototype

hardware could be fabricated.

The analytical support was extended and refined to adequately substantiate

and predict the characteristics of the array.

To support and verify the selected configuration, the following significant

tasks were accomplished:

a. A 1/4-scale model of the array was fabricated to demonstrate the design
features and was used to evaluate and improve the operational

characteristics.

b. Conducted thermal analysis for use in approximating expansion and con-
traction of the panel relative to the space frame. This was used in
calculating resulting induced solar panel loads and verified the
necessity for a slip joint in the drum axial direction at one spacecraft

mount.

)



c. Conducted thermal analysis of stowed panel for end-on solar flux condi-

tions to determine magnitude of relative structure growth or contraction

and resulting induced loads between substrate and beam guides.

-d.  Conducted full size drum and stowed panel mass sinusoidal vibration
tests to verify the major design elements and the characteristic mode
shapes and transmissibilities as used in the detailed stress and dynamic

analysis.

e. Conducted sinusoidal vibration development testing of various solar cell
matrices using various interconnect configurations and cell bonding

techniques with the Kapton substrate.

f. Conducted breadboard testing of the extension/retraction motors to
establish their operational characteristics and to verify the operational

suitability of the deployment system.
g. Weight measurements were made of samples of representative solar cell
installations to verify the pounds/square foot value used in the power/

weight monitor and for detailed stress analysis.

2.3.4 Deployment Model

A full size rollup solar array deployment model was designed and fabricated to:

a. Demonstrate the deployment characteristics of the array design.
b. Confirm the manufacturing suitability of the selected design.
c. Confirm the minimal type of special support equipment for adequate

support and handling of a large area rollup solar array.
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2.4 CONFIGURATION DEFINITION AND STUDIES

This section presents a detailed description of the selected solar array
design with a review of design trade studies where applicable, descriptions
of ground support equipment and a discussion of the manufacturing feasibility
of the array. Engineering drawings for each of the items discussed are pre-

sented in Section 7.5.

2.4.1 Functional Description

The solar array installation is shown in Figure 2. Four subsolar arrays each
providing 250 square feet of solar cell area are mounted along the sides of
the spacecraft. When extended the solar array provides 1,000 square feet of
solar cell area capable of producing at least 10 kilowatts of raw power at
air mass zero, at 55°C and 1 A.U. equivalent solar intensity. The power to

weight ratio of the array is 31.16 watts/pound.
Each subsolar array consists of the following major elements:

Solar Panel

Drum Assembly

Deployable Beams
Extension-Retraction System
Supports for Drum and Beams

Spacecraft Mounting Structure

During launch the flexible solar panel is stowed on the wrap drum. When
deployment is desired, two compressed tubular beams to which the panel is
attached are extended from the rotating drum. The beams control the position

of the panel during deployment and retraction.

Electrical power from the solar cells is collected by integral busses lami-
nated to the panel substrate and transferred by means of slip rings through

the wrap drum to the spacecraft.
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2.4.2 Mechanical-Structural Design

2.4.2.1 Solar Panel

"The solar panel consists of an assembly of thirteen subpanels with solar cells
and one subpanel at the outer end providing a thermal blanket to protect the
stowed array. The substrate is 0.001 inch thick Kapton type H with the
power transmission bus integrally bonded between Kapton doublers along the
substrate edges. The subpanels are connected to themselves and the deployable

beams by means of flexible fiberglass tapes bonded with RTV-3145 adhesive.

The power transmission bus is 0.001 inch aluminum foil bonded to the substrate
with FM-1044R adhesive. The aluminum foil bus is locally silver plated at
areas where slots are provided in the Kapton insulation to permit solder
connections. Solar cell submodules of 2 cm x 2 cm N/P silicon cells are
bonded to the Kapton substrate with RTV-3145 adhesive. The cell layout and

interconnections are described in detail in Section 2.4.3.

Polyurethane foam damper pads are bonded to the rear surface of the substrate
to protect the solar cells during launch. The damper pads are arranged in a

decreasingly dense pattern from the drum outboard to the tip of the panel.

The outer thermal blanket consists of two layers of Kapton Type H separated
by foam pads. The exterior surfaces of the Kapton H have a vacuum deposited
aluminum coating with an additional coating of silicon monoxide on the side

facing the sun.

Trade studies (References 1, 2, 3) considered variations in the number and
arrangement of the subpanels. Also, several edge attachment methods were
evaluated including aluminum foil connectors and silicone rubber coated glass
cloth tabs. Substrate materials investigated included fiberglass reinforced
epoxy sheet, mylar, and Kapton films. Various arrangements and densities of
damping pads using both silicone and polyurethane foam were considered in

determining the optimum design.
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Power bus provisions using flat ribbon, stranded wire and laminated foil

conductors of copper or aluminum were compared.

Various silicone, epoxy and polyimide adhesives were evaluated for bonding

the solar cells, substrate, power bus, and attachment tabs.

A thermal analysis was performed to determine temperature gradients and to

compare methods of thermal control.

2.4.2.2 Drum Assembly

The drum assembly supports the solar panels in the stowed position. The
drum is a magnesium sheet metal cylinder with flanged lightening holes
incorporated on the cylindricél surface. The drum is stiffened internally
with three equally spaced magnesium rings. Each end contains an adhesive
bonded aluminum honeycomb sandwich bulkhead to which axis hubs of machined

magnesium alloy are fastened.

A slip-ring assembly for power transfer is installed at one of the bulkhead
hubs. Electrical lead-through inserts are provided at each end with adjacent

access holes and covers.

Radial fence brackets are attached to the periphery of the drum near each end
to insure correct beam alignment and to transfer stowed solar panel axial

loads to the drum structure.

Trade studies considered the influence of drum diameter, length, and stiff-
ness on the overall system efficiency. Magnesium and beryllium sheet metal
drums along with aluminum or fiberglass faced honeycomb sandwich connections

were evaluated (Reference 1).
Other factors considered were relative feasibility of fabrication and cost.

Alternate power transfer systems compared included slip rings, coiled cable

and magnetic circuit.




2.4.2.3 Deployable Beams

The deployable beams provide support and control of the solar panels. The
beams are connected at the outer end by an aluminum intercostal to which the

solar panel is also attached.

The beams are constructed of titanium alloy (6A1-4V) 0.003 inch thick. The
beam shape is a tubular cross section which can be compressed within its
elastic limit to a flat configuration. Each beam is composed of an upper and
lower surface which have'been seam welded along the edges to provide the
desired cross section. A corrugated strip of the same alloy is spot welded
to one crown of the beam. This corrugated strip provides the rack portion

of a rack and pinion gear drive system.

Trade studies considered various beam cross sections, gauges and materials
including titanium, fiberglass, beryllium-copper and stainless steel. The
beam section and properties were optimized in the titanium beam selected

(Reference 1).

2.4.2.4 Extension-Retraction System

The extension-retraction system includes the drive motors, power transfer
devices and associated control. During deployment and retraction, magnesium
pinion gears at each end of a magnesium drive shaft engage the corrugated

beam drive strip thus synchronizing the relative position of the two beams.

Deployment drive power is provided by a motor gear box system attached to the
drive shaft. Double motors working through a differential gear box are used
to provide redundancy. In the event one motor fails the remaining motor will
extend the array at approximately half normal speed. Retraction drive is

provided by a motor attached to the drum end hub.
In order to insure proper wrapping and unwrapping of the beam it is necessary

to maintain tension on that portion of the beam between the drive pinion and

“) the drum. This tension is produced by drag action of the retraction motor

2-13



2-14

during extension and the extension motor during retraction. The drag is
produced by differential control of the motors through an electronic
control system (Section 2.4.3). Limit switches shut off power to the

motors when the array reaches either the fully deployed or retracted position

A redundant release clutch and a one way drive clutch are incorporated into
the retraction motor drive. Their function is to permit the array to operate
with a failed retraction motor. Though the retraction motor might fail to
act as a brake, the array could be extended by the main deployment motors
overriding the release clutch, causing it to slip. On retraction the deploy-
ment motors reverse and retract the unit; the one way drive clutch would ‘
overrun and allow the drum to turn. In this event, a tight wrap condition
would not necessarily be assured. However, this is not critical for a
retraction after launch. The release clutch also serves as a safety measure
to prevent damage to the beam drive strip corrugations should the drive and

wrap motors be out of phase.

Various deployment/retraction concepts were investigated during the study
phase. One concept utilized the double gear motor and differential gear

box attached to the drive shaft. The drum was driven simultaneously by a
flexible belt powered by a pulley take-off from the drive shaft. Model tests
showed that this system did not provide the desired tension in the beams

required to achieve proper wrapping characteristics.

Other designs for the extension-retract system which were investigated were
a friction drive utilizing a silicone rubber faced drive wheel, a rack and
pinion drive utilizing silicone rubber drive strip, and a sprocket drive

which engaged holes in the beam.

‘2;4.2.5 Drum and Beam Support Structure

The drum assembly is supported at each end of the drum axle by machined
magnesium mounts. These mounts are attached to magnesium sheet metal box
sections which support and position the deployable beams with glass rein-

forced teflon guides.




The drum axle bearings are caged in a magnesium guide which features stainless

steel rollers and which are contained in the machined mounting track. The
guide-track arrangement controls the position of the drum and allows for
movement in a single plane as required as the diameter varies with the number
- of beam wraps. The drum is retained against the pinion extension gears by
tension springs thus maintaining alignment of the drum-beam tangency with

the beam support guides.

The drum support mounts provide the interface for attaching the solar array
to the vehicle mounting structure. At one end a fixed attachment is made
and at the opposite end a sliding fitting (axial direction of drum) is pro-

vided to allow for thermal expansion/contraction.

The box section which supports the beam guides also provides the extension
motor, pinion gear and drive shaft mounting provisions. The beam guides
are attached to the box structure in a manner which allows lateral freedom

for possible substrate thermal contraction.

The preceeding trade studies included basic concepts for the mechanical com-
pensation arrangement essential to adjustment of diameter change in the

wrapped substrate during deployment or retraction:

a. A fixed drum with a pivoting guide. The beam guide is pivoted at its
forward end and driven by a cam mechanism at the rear in such a manner
that it follows the increasing or decreasing diameter of the wrapped

drum.

b. Floating drum and fixed guides. With this scheme the drum rests on
fixed drive and idler rollers. The drum center bearings work in slides
on the fixed support structure. Heavy tension springs keep the drum
in contact with the rollers. As the drum substrate increase or decreases
in diameter the drum center rises or falls in the slide. (This was the

basis of the selected concept.)

o
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2.4.2.6 Array-to-Vehicle Attachment

The structural assembly that is used to mount four 250-square fobt arrays to
the spacecraft is a right angle box structure used at each of the four cor-
ners -of the spacecraft. They are constructed of an aluminum sheet metal struc-
ture and are augmented with tubular bracing to the spacecraft corners. Each
unit supports the end of an adjacent array by means of magnesium fittings.

One fitting is designed for fixed attachment of the array; the other fitting

is configured as a captive slide track which permits the array to wrap and

its support structure to expand or contract in the direction of the wrap

drum axis.

In the trade study phase, four schemes were investigated for the type of

structure that would mount upon the spacecraft and support the array assembly:

a. A tubular mounting arrangement representing a truss made up of tubes,

pin-jointed at intersections.

b.  An X-frame design. It consists of an aluminum box structure in the form
of an "X" which provides a common mounting for the end of one rollup
unit and the opposite end of the adjacent unit. The structure is braced

by tube struts for loads in the vertical plane.

c. A box-mount arrangement. The structure mounts to the corner of the
spacecraft and provides a common support for two rollup units similar

to the X-frame design. (Concept selected for detail design.)

d. A support structure with resilient-type shock mounts. A structural box
attaches to the corner of the spacecraft utilizing shock mounts between
the box member and the rollup unit. This scheme was the only concept

investigated involving application of a mechanical damping device.




2.4.3 Electrical Designs

2.4.3.1 Solar Cell Installation

Cell Layout

Various solar cell layouts (i.e., module sizes, arrangements, and circuitry)
were studied to determine the most satisfactory design. Prime attention was
given to (1) cell layout per available area, (2) circuit-module designs,

(3) interconnect configurations, and (4) general suitability of the solar

cell installation for thin film, flexible substrate.

Layouts were investigated using the conventional 2 x 2 cm cells and also the
large area, 2 x 6 cm cells. Use of the larger cells was studied because of
potential gains in electrical output and the possibility of more efficient
use of available substrate area. Interconnect concepts and solar cell con-

tact designs were objects of intensive study.
Solar Cells

The silicon solar cell of 8-mil thickness, N on P configuration, was used in

all studies.
Coverglass

Specific information regarding radiation spectrum anticipated to be encoun-
tered was not included; therefore, no detail studies were performed to
optimize coverglass use. On these terms, the most suitable coverglass, con-
sidering cell output, cost, and handling was judged to be microsheets with

an antireflective (AR) coating.

Conductor Leads

Study was devoted to various meterials and manufacturing techniques for con-
ductor leads which would be used to collect series-connected cells into

parallel circuitry (transversely across the array) and connect the flexible
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longitudinal leads bringing collected power into the inboard end of the array.

Conductor designs were considered which would be made from plastic shielded
wire and/or ribbon, conductive metal foil, a bimetallic composite or plated
base metal. Redundancy was assured in the array by planning for primary power
transmission bus bars along both longitudinal edges of the array and connecting

transverse module leads to both sides.

The two longitudinal transmission bus bars would terminate on terminal boards

incorporated on the inboard end of the deployable substrate assembly.

Solar Cell-Substrate Interface

To evaluate this interface design, Mylar, Kapton H, and Kapton HF (Kapton H
with Teflon) were considered. Studies stressed comparative evaluation of
handling, adhesive application, and projected service life characteristics of

the selected materials.
Diodes

Requirements for blocking diodes were studied but there appears to be no

foundation for their use. Chief reasons for not using diodes are:
. The substrate is a nonconductive material and not subject to the
short circuit hazards associated with use of metallic, rigid

substrate.

The fact that shadow effects are assumed to approach a complete

eclipse of the array rather than local, concentrated area shadows.

Description of Selected Configuration

The solar cell area of each solar panel is 250.7 square feet utilizing 224
2 x 2 cm cells per square foot. The solar panel is composed of thirteen sub-
panels each containing 4,320 individual cells connected in series-parallel

in eight circuits. Each circuit consists of three cells in parallel by 180 in

e

series (four subcircuits of 45 cells in series).
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This configuration utilizing a 2 ohm base resistivity solar cell at a tempera-

ture of 55°C will generate approximately 76 volts at the maximum power point.

The subpanel layout is shown in Figure 3.

The area covered by cells on each subpanel is 76.83 x 36.81 inches. This con-

figuration allows 45 cells to be placed in series on the panel and 96 cells in

parallel.

The 2 x 2 cm cell is manufactured to 0.788 %0.005 inch in both dimensions.
The cell spacing is 0.010 inch between parallel solar cells and 0.017 inch

~between series connected cells. Spacing between solar cell submodules is
0.012 inch. '

The layout has been made using upper side limits of cell dimensions to avoid
possible interference between cells and to permit greater flexibility in

assembly tooling.

Solaflex(R) series interconnects were selected to optimize circuit reliability.

The design is illustrated in Figure 4.

All solder connections are redundant and accessible from the cell side surface

of the panel.

The power transmission bus consists of 0.001 inch aluminum foil laminated on
the substrate. Access for solder connections is providéd by means of slots

in the substrate insulation. Magnetic fields are minimized by utilizing
multilayer foil conductors and by reversing juxtaposed circuits. The width
of the longitudinal bus increases from the outboard to inboard end of the
array to maintain a constant conductor resistance power loss of 0.10 watts

per square foot. Flexible foil or expanded mesh jumpers are used to conduct
the current across the subpanel joints. A main power bus is routed along each

side of the subpanels for redundancy.
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2.4.3.2 Electrical Transmission - Array-to-Vehicle

This system transmits current generated by the solar cells from the deployed
array to the spacecraft electrical system. The design must accommodate rota-
tion of the wrap drum and consequently the harness and/or rotating conductor

must be compatible with wrap drum operation.
Three designs were investigated in trade studies:

a. A continuous coiled harness. The continuous coil is formed so that

during retraction the coil winds up and unwinds during deployment.

b. External disc slip rings. Several conductor discs separated by insula-
ting strips are fixed to the end of the drum so that they rotate with
the drum. Spring loaded, stationary pickup brushes mount to the array

support structure and conduct current from the drum.

c. Internal slip rings. This method uses a series of slip rings and
pickup brushes within the rotating shaft of the drum. The contacts
are a series of rings inside the shaft that rotate with the drum. The
pickup brushes are stationary, being fixed to the outside structure and
inserted inside the rotating shaft.

Item (c), internal slip rings, were selected for incorporation in the detail

design.

2.4.3.3 Command and Control System

The command switch would be actuated by the spacecraft data link and electri-

cal power supplied through it to deploy or retract the panel.
Two 1limit switches are mounted on the guide support structure. One turns off

power when the panel is fully extended; the other turns off power when the

panel is fully retracted.

2-22



Control is accomplished by means of a closed-loop electronic servo-system

which compares the load on the '"driving" motor with the load on the "drag"
motor. It adjusts the drag to insure that proper tension between the beams

and the drum is applied during deployment or retraction.

Strain sensors (sensing motor torque) measure the load each motor is applying
to the system and converts it to an electrical signal which is transmitted to
the electronic control circuit. The electronic control circuit controls the

amount of drag between the two drive motor units.

2.4.4 Materials and Processes

2.4.4.1 Selected Materials

Materials used in the design have been chosen with regard to the functional
and environmental requirements of JPL specification SS501407A. The selection
of materials has been based on their ability to meet the requirements of the
design and to withstand deep space environment. Factors considered in evalua-
ting materials included resistance to radiation, thermal cycling, and release
of condensing gases. Also considered were methods of fabrication, assembly
and ground handling. Several materials for each application were considered

to determine the best choice.

Table 2 summarizes the materials used, properties and the basis for their

selection.

There are some general areas of concern in selecting materials. First, all
the material should have the properties required for the launch and flight

environment.

Another consideration is the extent to which exotic or state-of-the-art
materials are employed. Obviously, use of well known, proven materials avoids
the risk involved with extensive employment of advanced materials undergoing

development.

2-23



(poambax BIEp TRUCINPPE ‘POIEUIIISIy)

91qElfea - 91qeIg 10°0 0LT 03 002~ g01 (prwrewed) ‘wy) N96-W4 9AISOUPY peayMg
AIpqIsesy
- onjex Brom o} ssaupmys ySIy - - ~ YOIMPUBS qUIODASUOH WNUTWNTY peausgng wiqg
ATIqISEe} uOnIBOLIqE} WSromIySTy - - - (g18-2v) mmisouley ami(q dexm
90®ds ur 9[qBIS - UOLIOLIJ MOT %8070 0Z€ 03 092- 10T %8 peITtg sse (F41) vopel spmp meog
Ayronsere jo snmpom
03 YI8usa3s PISI4 a[ISus) oNBI YSIy - - - (AP-TVv9) mniueiy, suesg
, , molsAg Juowrsordeq
SIqrXaYy - YS1oM S8BT £9°0 0ST 03 GG~ 101 (Burmomp 7 uosiem) S WeeJ02OT sped aeduteq
puoq SIqBI[ex ‘oIqIXord %x9°0 08¢ 03 001~ JRu (Suruzop-moq@) SHIE ALY gBL YoBYE AISOUPY
y8uaxis ydry ‘oqrxery - - - (Bwwio) -suemQ) I2qld SSBIY) USAOM . sqe], yorye or8xisqng
asn usaoxd ‘AJITIqEIIOY $70°T 0¢€ 01 00T~ 10T (o113001F TEIOUSD) 209 ALY 9pIIS 2540 ‘OAISOUPY
uo3dEy] 0} UOISAYPE POOD *02°0 0S¢ 03 001~ 101 (8uruxop-moQ) 861-06 JoWLId
AIIqISEay UOTIBOLIGE} — JYBIOM ISBIT *9°0 08¢ 03 001~ 201 . (Bururop-moq) S¥IE ALY 119D aB[OS ‘OAlSOYPY
9sn uwdaoxd - ATIqeRIEY - - - xaddop 309UU0OXSUT
Surpesomaoyy ‘Uryl ‘SIqr¥eld 662 0L 03 06~ g0t (pruewes) ‘ury) HHFO1-IWA Sng Jomod ‘SAIBIUPY
jySrom jsea] - - - Od-0011 fod Umurmmiy Jo3onpuop) sng Iemod
doeds wr ANTIqEIS - JYSTOM 1889 60°0 00€ 03 092- orxg (juodnq) g od4y, uoidey ajRIISANg
fex1y aepos
{9 301) (s 1) & P2
UOI09TAS JOF UOSBAY ©, 1Stom) (o) o8usy (spey) asoq TelI93e uorearddy
0 631 aanjerodwo L Sunyraary
& WOA myss TOIBIpRY
agsn STIVIYdiv 40 AUVWANS

¢ d14vl

2-24



(poarnbaa BIEP TEUOIIIPPE ‘POIBUAIISS 4)

(*0D jureq yourd)
asn pasoxd ~ 3[qeIY 2870 0LT 01 06~ 1201 IeI[0 00G~T-EL¥ OvTI-B-1BD Surieooaspuf) aanonaig
WBToMIYSIT - & MOT - - - omuramye pojisodop mnnoeA Suryeo) aanjonaig
(1repre{ySs) sprxouowm
S1emydIy - /8 MO 60°0 0Z€ 031092~ 0T uoorTis snid yagA - uwoidey J9A0) ABXXY
STELI9IB]N [0I3UCD [BULIDYL
ATIqIS®Ro) UOTIBOLIQE] — YISUSLIS - - - 6L0L wnUIEN]Y Jmo 1Fexosdedg
£uTIqISes] uoniedLIqey - JSTomySIT - - - q18~7Zv wmisouden 1xoddng mnag
aanontys Loddng
onjeuBewuoN - - - (918) o015 sso[uTElg Buradg Sunureey
UOISaYpE 90BLINS sjudssxd -~ o1qrIg 60.°0 022 01 08T~ Q0T 90£F WTIOX109TH JB3D IALIQ UBOLIGNT
AnTIqrseay uonpeoLIqe] ~ WSOMIYSTT - - - (g1e-2v) wmiseulen IB9D) 9ALIQ
a1qeIs ~ UOIIOLI MO *S0°0 03¢ 01 092- LoTxe (parr1s Ssed) (F41) WOl ey enbao], ‘Surresq
ANTIqIseay UOITeoLIqe ] - JYSTeMySrT - - - (g1g-7v) umisoudep 1eyg enbaog,
UOTSSYpPE 90BLING SIUSASIJ - SIqBIS 60°0 022 01 0G1- g0T (*oup ‘wIOIIO0TH) 908% WIFOXIOSTH Sunreeg ‘juBOLIqNT
oyeudenIuoN - - = O0¥¥ 19918 SSOTUIElS wma( pue
apIs umiq ‘s8urareg
£nqIqrses] uoTIBoLIqEy ~ BTOMISBTT - - - (d1¢-2v) umrseuden apIfs wmaQg
(p,ju0D) walsAg jusmboidag
(9 103) (g 303) (GRERY :
UO01}091eS J0J uesBay (% Brom) (Do) a8uey (spey) esoqg TetIoTe uotjeoryddy
0 ¢z aunjexadwa], Surjrmry
1% WOA myasn 3 uoIjRIpEY

agsn STVINAIVA 0 XYVIWWNS

QINNIINOD - Z HTIVL

2-25



In the solar panel design, analytical consideration has been given to use of

beryllium and advanced composites, but their use is not considered justified
by the modest weight differences predicted when offset by the general risks

related to fabrication problems, cost, and reliability of performance.

Another consideration of significance is the extent to which non-metallic
materials are used and the types of non-metallic materials. These choices are
particularly important because of the wide variation in properties with
respect to environmental conditions and particularly because of the tendency
of most to release volatile condensible materials (VCM) in the vacuum environ-

ment. Resistance to penetrating radiation of 107 rads must also be considered.

The selection of a material must be based on its ability to perform its design
function with reliability. In most cases, the selected solar array employs
materials which meet the objective of less than 1.0 percent weight loss and
less than 0.1 percent VCM at 125°C and 107% torr.

In a few cases, in order to meet design function requirements, materials have
been selected which, as prepared, exceed the desired limits of VCM. However,
these materials will be either sealed in their design application or can be

thermal vacupum cleaned to remove excess volatile material.

Table 3 summarizes the properties of various non-metallic materials chosen in
the preliminary design. Some additional tests on composite elements are
required to verify the acceptability of the materials as they are employed

in the design.

Materials choices and their design relationship are discussed in the following

paragraphs.
2.4.4.2 Solar Panel

The solar panel consists of the substrate, attach tabs, damping pads, power

bus, solar cells, cover slides, cell interconnects and adhesives.
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The substrate material is Kapton Type H selected for its excellent resistance

to the space environment. Kapton has a broad range of service temperatures
from -250 to +400°C (Reference 7) and good radiation resistance up to

5 x 108 rads (Reference 8). Kapton has good handling properties except for
low propagation tear strength (8 grams per mil). This is so low that provi-
sions must be made in the design to prevent start of tears. Doublers are
provided on all edges of the Kapton substrate. The aluminum foil power bus
conductors which are integrally laminated to the Kapton provide additional
edge strength.

The bus foil is bonded using FM 1044R adhesive and Kapton film insulation.
FM1044R has been selected in this application because of its flexibility and
reliable adhesion. It is a thin film, thermosetting adhesive which maintains

its properties over the temperature range of the flight environment.

This adhesive is a nylon-epoXy type with relatively high (2.99 percent) VCM
content. However, it is reasonable to use in this application because it is
entirely contained between layers of Kapton which will prevent the release of

volatile components.

Element tests can be conducted to verify the suitability of this configuration

with respect to VCM content.

The power bus conductor is aluminum (1100 EC-grade) which has been shown in
the trade study to have the lowest weight. The aluminum is silver plated

locally where solderability is required. This technique, enabling repeated
soldering operations during fabrication has been demonstrated in development

testing (Reference 3).
Cell interconnections are made using silver plated copper conductors. This
material selection is based primarily on the reliability of plating on copper

compared to plating on molybdenum. (See Section 2.6.10.) .

Damper pads are flexible polyurethane foam Eccofoam FS, 2.0 pounds/cubic
foot. '
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The selection of this material is based primarily on the weight advan-

tage over silicone foam which has densities of about ten pounds/cubic foot

for the same damping characteristic. The service temperature ranges of sili-°
cone foam is -90°C to 315°C compared with -55°C to -150°C for the polyurethane
“foam. At the lower temperature limits, the flexible foams become rigid;
however, the critical damping requirement exists at launch when temperature is

not a factor.

A factor involved in the selection of damping material is the requirement for
insignificant release of volatile condensing material. Both materials have

VCM content in excess of 0.6 percent by weight at 125°C and 10“6 torr. There-
fore, it will be desirable to thermal vacuum clean the pad material to reduce

the VCM to a more acceptable level.

Adhesives selected for bonding solar cells, cover slides, and substrate edge
attachment are all of the silicone RTV type. These selections are determined
by design function requirements and the need for uniform properties in the

space environment.

The adhesives proposed have been tested to verify their ability to withstand
thermal cycling from -195°C to 140°C at 10—6 torr without degradation.

(Reference 1 and 3.)

The cover slide adhesive is RTV 602 which is selected primarily for its

reliability and proven use on successful space missions.

The solar cell adhesive selected is RTV 3145 (Dow Corning) which in testing
exhibited superior adhesion to Kapton as well as consistent handling and

curing characteristics.

RTV 3145 is a one component amine-curing silicone system which has met the
needs for a flexible adhesive bond of titanium doublers to the flexible
titanium beams used and tested in the Ryan 50-square foot solar array program.
This is the basis for selecting the RTV 3145 to bond the flexible substrate

attach tabs to the Kapton substrate and titanium beams.
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As a class the RTV silicone adhesive have VCM content which exceeds the
desired amount. Expected VCM content at 125°C and 10-6 torr is greater than
0.6 percent. This can be reduced to more acceptable levels by thermal vacuum

cleaning the array after assembly.

A woven fiberglass tapeAis used for the flexible attach tabs connecting the
substrate modules and the titanium deployable beam. The material selected is
a 0.003 inch thick, 1.0 inch wide tape. The use of a dry glass tape with a
woven edge provides the tensile strength (135 pounds/inch) and flexibility

required.

Candidate materials for the substrate included Kapton, Mylar and fiberglass
reinforced plastic. These materials were considered because of availability
in thin sheet, and suitability for space environment. Silicone rubber or

Teflon films are substantilaly heavier than the selected candidates.

A fiberglass-epoxy resin substrate had been previously selected for the
50-square foot solar array design in order to meet deployment and mid-course
maneuver requirements. However, in this design, the reduced load require-

ments and weight objectives suggested consideration of very thin films.

Several adhesive systems were evaluated for use in the array. Structural
adhesives considered include FM-1000, FM-1044R, and FM-96U (American Cyanamid);
Narmco 225 and Narmco 329 (Whittaker Corporation); EPON 934 and EPON 956 (Shell
Chemical Company); TR150-25 (Thermo Resist, Inc.); RTV-3145, Silastic 140

(Dow Corning), and GT-100 (Schjeldahl).

For solar cell adhesives, the following were considered: RTV 108, RTV 41,
RTV 511, RTV 577, RTV 602 (General Electric); Sylgard 182 and 92-024 (Dow

Corning).

These materials are generally acceptable to the specified enviromnment with
the epoxy and polyimide types being considered more resistant than the

silicones.
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In order to protect the solar cells in the stowed position during launch, a

cushion or pad arrangement must be provided. Silicone foam materials having
a density of 10 to 20 pounds/cubic foot were previously investigated and
found suitable for sterilization, launch and space environment. In this
“design, lower foam densities were needed to meet weight objectives. There-
fore, flexible polyurethane foam was evaluated and selected because of its

more uniform properties at densities as low as 2.0 pounds/cubic foot.

2.4.4.3 Deployment System

The deployment system consists of the storage drum, the drum slide, bearings,
retaining spring, the beam guides, deployable beams, the drive pinion and

drive shaft.

The drum material is magnesium AZ-31B. This selection has been based on the
analytical trade study which shows that magnesium adequately meets the launch
loads. The structure is readily fabricated of sheet metal using spot welds

or rivets. A protective coating of Dow 17 is applied for corrosion resistance.

The drum and bulkheads are an aluminum faced-aluminum honeycomb structure
adhesive bonded with FM-96U. This selection was based on the high strength
to weight ratio of the aluminum facings and the stiffness requirements of the
launch environment. The sandwich structure is readily fabricated using
FM-96U, an unsupported film adhesive which has reliable mechanical properties

and meets the space environment requirements.

The drum slide is machined from magnesium AZ-31B which is selected for light-

weight and fabrication feasibility.

The drum spindle bearings and drum slide bearings are stainless steel selected

because of its hardness and nonmagnetic property.
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The retaining springs are type 316 stainless steel selected to provide a

nonmagnetic material of high mechanical properties.

The drive shaft and drive gear are of magnesium construction selected for
lightweight and fabrication feasibility. The magnesium drive shaft is treated
with Dow 17. The drive pinion is treated with Dow 19 and coated with Electro-
film 4306.

2.4.4.4 Support Structure

The support structure consists of the spacecraft mount and the drum support.

The spacecraft attachment is 7079 aluminum alloy, chosen during analysis for
its stiffness in this application. The aluminum surface is polished to pro-

vide a low emittance for thermal control.

The drum support is made of AZ-31B magnesium. This selection is based on the
low density of magnesium and its fabrication feasibility. The exposed sur-
faces of the support are coated with vacuum deposited aluminum for thermal
control purposes. Dow 19 coating is applied for corrosion resistance and as
a base for adhesion of Cat-a-Lac 473-1-500 clear epoxy coating used under the

vacuum deposited aluminum.

During the design study various materials were considered for the structural
and mechanical components of the array. The metals considered were aluminum,
beryllium, beryllium-copper, magnesium, corrosion resistant steel and titan-
ium. All of these metals are space qualified and present no significant

environmental problems.
2.4.4.5 Beanms

Titanium (6AL-4V) was selected because of its high ratio of tensile yield
strength to modulus. In addition, it can be satisfactorily formed by
annealing at temperatures from 1,000°F to 1,300°F. During the forming pro-

cess an oxide surface is formed on the titanium which can be controlled to

S

give satisfactory emittance values for thermal control.
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The beam guide is machined from Teflon-reinforced with glass fiber. This

material is selected for its reasonable strength and low coefficient of
friction (0.04). Teflon will maintain useful properties from -200°C to
+320°C. '

Materials considered for the support beams include titanium, beryllium-copper,
stainless steel and glass fiber reinforced plastic. Each of these candidate
materials can be fabricated successfully into the beam configuration to meet

functional and environmental requirements.

The feasibility of forming long metal beams (at least 40 feet) was considered.
Titanium beams 20 feet long have been formed in a full length heat treat fix-
ture (Reference 5). Longer beams can be fabricated by (1) extending the size
of tooling fixtures and furnaces, (2) by using a continuous forming process,
or (3) by incorporating splice joints in the beam. The use of splice joints
is applicable. Several titanium beam test sections have been spliced by
welding to produce a satisfactory joint. This method is also applicable to

beryllium-copper and steel.

Equipment limitations oppose the use of larger tooling fixtures to produce
beams 40 feet long. Continuous forming appears to be feasible with consider-
able promise but requires tooling development. Continuous forming would not

be applicable to the reinforced plastic beams.
2.4.4.6 Lubricants

The lubricants have been selected to fulfill the design and manufacturing
requirements and to provide satisfactory functional characteristics in and
after a long time exposure to deep space enviromments. In previous space
application greases and oils have been used but because of the low volatility
constraint in this program, preference to use dry film 1ubricants'because of
their negligible release of volatile material and to preclude surface adhesion

of the contact metals.
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The dry film lubricants considered mgst acceptable are Electrofilm 4306,

containing molybdenum disulfide, and MPB Corporation DL-5,. tungsten disulfide.

The four main areas to be considered for lubrication are:

a. -Drum spindle bearings.
b. Drum slide rollers.
e, Drive shaft bushings.
d. Extension and retraction motor gear trains.

The drum spindle bearings and the drum slide rollers are made from stainless
steel. The bearing races and the drum slide, rollers and roller track are
coated with Electrofilm 4306.

The drive shaft is made from magnesium and is supported at each -end by glass

reinforced teflon sleeve bushings. No lubricant is considered necessary.

The lubricants for both the extension and retraction motor gear train will be
selected to meet the design environments and to provide satisfactory functional
characteristics. Suitable systems are available and have been proven in space

applications.

2.4.5 Ground Support Equipment

The following are considered to be the major items of ground support equipment
that will be needed.

a. Handling platform.
b. Rollout demonstration fixture.
c. Shipping container.

g
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2.4.5.1 Handling Platform

The handling platform (Figure 5) consists of a pallet on which the subarray

is assembled and remains attached except when the unit is assembled to a
-simulated spacecraft mounting or a vibration fixture. It has four brackets
for mounting the drum end support structures. Single bolt lugs are provided
near the corners of the pallet for attachment to the rollout demonstration
fixture and also for securing to shock mounts in the shipping container. Con-

venient lifting handles are provided.

2.4.5.2 Rollout Demonstration Fixture

The rollout demonstration fixture (Figure 6) consists of:

Four identical table sections (approximately 3' high x 8' wide x 12!
long) equipped with rollers that support a lightweight, endless belt.
The endless belt is driven at one end by an electric motor geared to
drive at the approximate rate of the rollout deployment. The tables
are bolted together to form a 48-foot long deployment platform capable

of being broken down for transportation.

A support gantry that suspends the stowed array is mounted on its
handling pallet as a free-swinging pendulum. A linkage arm operates
a variable resistance control which varies the endless belt motor
speed. During deployment or retraction of the panel on the endless
belt, any tendency of the belt to induce fore or aft drag on the sys-
tem is registered as a swing from vertical and the belt drive motor

power is varied to compensate.

2.4.5.3 Shipping Container

The shipping container (Figure 7) consists of a reinforced box structure that
will accept the stowed subarray on its handling pallet. Attachment is

accomplished by four vibration shock isolators.
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Figure 6 Rollout Demostration Fixture
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2.4.6 Manufacturing Feasibility

A key element affecting the successful performance of a flight system is the
feasibility of manufacturing the device to meet the design and functional re-
quirements. From concept development through preliminary design, manufacturing

feasibility has been a principal consideration.

Throughout Phase I, attention was given to the producibility of the array and
its equipments. Trade studies particularly weighed the feasibility of compon-

ent manufacture or the comparative ease of accomplishing processing which was

‘unique to a design.

Major features of the design which are affected by the feasibility of fabrica-
tion include the deployable beams, the substrate assembly, the solar cell

installation, the deployment system, the mounting structure and thermal control

coating.

The design selected makes maximum use of established materials and processes.
Structural components, electrical devices and process systems are used which

can be realistically employed to meet design requirements.

A constraint of the contract was to limit material and processing selections

to those considered practical realities within one year from the completion date
of this contract. The Ryan concept is well within this constraint as evidenced
by a review of the materials and processing that have been chosen (see Section
2.4.4). The exotic and new composite materials were not incorporated in
designs. Viewed from a manufacturing standpoint, the engineering design is

quite simple. Complex configurations have been avoided.

Substrate Assembly

There are many novel features incorporated in the solar panel assembly. All
factors affecting manufacturing feasibility were investigated and methods

developed to conform to design goals.
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Adhesive systems and techniques for laminating foil bus conductors to Kapton

H film were studied. Sample panels were prepared incorporating laminated
aluminum bus bars, access slots for soldering, local silver plating, solar

cell installation and interconnections.

Solar Cell Installation

Several adhesive systems for application of solar cells were studied. A method
of roller coating was developed and demonstrated in fabrication of full size .

panels used for vibration test.

Methods of interconnection of solar cells and spacing were determined and

demonstrated to optimize feasibility of assembly.

Solar cell installation methods were explored in the manufacture of solar
panel segments to support test requirements and those specimens assembled for
exhibit purposes. Working with full size subpanels of Kapton material and a
correspondingly large area of cells and coverglass will require careful
planning and diligent care in cell application operations to preserve the
integrity of the basic one-mil thick plastic substrate. Repair techniques
for replacement of damaged cells have been worked out and demonstrated. A
special handling fixture was developed to assist installation of the cells

and electrical connections.
The fixture is a multipurpose tool, providing means of transportation and
handling support and also serving as a protective storage aid. Acceptance

test procedures that validate the solar cell installation were resolved.

Deployable Beams

Manufacturing procedures for fabrication of 47-foot long deployable beams
were established and demonstrated. Two full size beams with corrugated drive
strip attached were manufactured for the deployment demonstration model.
Materials requirements, tooling devices, handling methods, welding and
splicing methods were determined to assure straightforward production of

beam assemblies.
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Demonstration Model

A critical consideration to contend with is the relatively large size of the
array and the handling and assembly of foil gage materials used in manufac-

‘ture of detail parts.

Fabrication of the full scale demonstration model (see Section 2.7), has sub-
stantiated nearly all major structural assembly manufacturing techniques.
Assembly procedures and primary fixture requirements were established by
this task.

Deployment System

The deployment system was incorporated in the full size model. The feasibility

of fabrication and satisfactory performance of the system was demonstrated.

Thermal Control Coatings

The feasibility of the thermal control coating selected has been demonstrated

on other space flight systems.

These coatings are feasible. Special handling is required which is similar to

standard handling on space programs.

In summary, it is felt that manufacture and acceptance of the large area
rollup solar array as presented in this report can be performed with good
confidence. Development of new and untried methods and fabrication techniques

is unnecessary.

2.5 ANALYSES AND STUDIES

This section describes the major analytical studies performed which are

covered by the following general catagories:

« Structural/Mechanical and Thermal
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e Electrical

« Reliability

° Wei ght

The method of approach is given together with the conclusion reached. Details

of the analyses are incorporated in the Appendix.

2.5.1 Structural/Mechanical and Thermal Studies

2.5.1.1 Panel Aspect Ratio Study

This study was conducted to determine the optimum deployed panel aspect ratio,
or length/width ratio defining the solar cell area, a criterion considered to
be analogous to minimum weight design for the solar cell area required. By
performance of this study, the wrap drum and deployable beam lengths were
established. |

The study was simplified by considering only those components whose weight
will change, or effect an appreciable weight change in the total structure
weight with a change in panel aspect ratio. These influencing components are
the wrap drum, the deployable beams and the spacecraft mounts. Other com-
ponents such as substrate, drive system, drum fittings and beam guides do not
change as a function of aspect ratio, to significantiy‘affect the results of
the study.

The constraints set forth for the purposes of the study were:

a. That the wrap drum dynamic deflection remains constant.

b. That the deployable beam weight changes in direct proportion to a change
in length, since the negligible in-space loads on the deployed beam do

not require a change in beam cross section corresponding to a change in
length.
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For comparison a 12-inch diameter Mg drum and six-inch diameter Be and Mg

drums were considered.

The curves in Figure 8 show the relative effect of aspect ratio change on the
electrical power/weight ratio at 1 A.U. solar flux. Even though an optimum
aspect ratio of 5.3 is shown, the design goal of 30-watts/pound can be met

for ratios above 3.5. Little difference (approximately 1/2-watt/pound) results
from the use of a six-inch diameter Be drum versus a 12-inch diameter magnesium
drum. The 12-inch diameter magnesium drum was selected because increased
dynamic translations of the stowed panel subject to sinusoidal vibration in

the drum axial direction would become a problem on a six-inch diameter drum.
This is due to the increased wrap stack-up of at least an additional 1.5 inches.
Drums larger than 12-inch diameter were not considered because sufficient
rigidity, for minimizing induced vibration loads to the stowed panel, of the

resulting longer spacecraft mounts becomes increasingly difficult to obtain.

2.5.1.2 Deployment Beam Study

Preliminary analysis of beams used to carry the stowed panel, without longi-
tudinal pretension, to its deployed configuration indicated that loads induced
by spacecraft maneuver accelerations were insignificant for use in selecting

a reasonable beam cross section compatible with handling and fabrication con-
siderations. Also, a deployed panel natural frequency of 0.04 Hz could be met
with a reasonable cross section. (For a detailed dynamic analysis, see
Section 7.2.4 in this report.) Therefore, other criteria were used for design.

The most critical of these are:

a. To provide a support which will maintain deployed panel flatness, to
within £10° of a theoretical plane when subject to normal-to-plane solar

flux environment of 260 mw/cmz.

b. To provide a panel support that possesses growth potential for

increased panel size and/or load capability.
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c. To provide a panel support that, with possible degradation in strength

capacity of beam elements, will not result in the loss or degradation of

the solar panel.

To satisfy the basic requifements, a beam cross section is needed which can be
stowed on a drum and after deployment be most efficient in providing the
bending and torsional stability for the deployed panel subject to severe ther-
mal environments. The latter of these requirements indicated a closed section,
tubular type beam. Relative strength and weights of candidate materials. con-

sidered to possess the desirable characteristics are shown in Figure 9.

This figure shows that even when considering small bending moments, a weight
savings of approximately 30% is realized for 6AL-4V titanium with respect to

the nearest alternate.

Once a beam design was established that could flatten for wrapping on a drum
and return to full open cross section when deployed, the prime .consideration
for selecting material, diameter and sheet thickness is the 260 mw/cm2 ther-
mal environment. The beam must limit distortion of the deployed solar panel

to within *10° with respect to a theoretical plane. Two considerations in

this regard are: (a) the panel distortion induced by the deployed beams when

a thermal gradient exists and (b) the effect of the beams on reducing substrate

distortion.

The allowable out-of-plane distortion constraint angle, 6 shown in Figure 10
was reduced to #5° for analysis to compensate for the effects of substrate

inducing distortion.

Final selection of the beam was made after thermal analysis and a parametric
study of thermal beam deflection versus weight of various beams of titanium,
fiberglass, and Be-Cu materials, of varying diameters and of varying sheet
thicknesses. The results of the study showed that if a beam sheet thickness
is limited to 0.003-inch as a minimum for handling and fabrication reasons,

the lightest beam to satisfy a thermal distortion constraint of angle 6 = 5°

]

would be of fiberglass and have a diameter of less than 0.85 inch. This beam

was not selected because (a) it is structurally weak for demonstration of such

2-45



2-46

RELATIVE BEAM WEIGHT

10

BERYLLIUM
COPPER

AM355 SCT (850)
STAINLESS STEEL

6AL-4V (A)
TITANIUM

CONVENTIONAL EPOXY
IMPREGNATED FIBER GLASS

30
r——, % WEIGHT SAVINGS @ SMALL

[
~—V — BENDING MOMENT

| | 1 L1 [ L

1 2 3 4 -5 6 7

BEAM BENDING CAPACITY, Mx 1OZIN. - LBS
FOR A TUBULAR CLOSED SECTION

Figure 9 Relative Beam Weights of Various Materials Vs. Strength

o



Solar Flux

S T R R R R

; Deflected
Y
Vrap \ Beam

]
] ' /'
, - Solar Cell J = 489.7" ’./’ ‘ o
_ / Portion of Panel /
SPACECRAFT ’/
| ‘/ At
R/ Y
ke s
‘/
V4 r
'/ Beam
’/ Cross=-Section
’/
o/ |

Figure 10 Edge View of Thermally Deflected Panel

2-47



a large panel in a l-g field and (b) the operating temperature is high for

fiberglass. The beam selected is 1.7-inch diameter and of 6AL-4V titanium

alloy because (a) temperature effects on this material, approximately 385°F,
are less critical, (b) it is more structurally compatible with a l-g demon-
stration environment, (c) it meets the constraint requirements angle 6 and
(d) it is equal in weight to a fiberglass beam which would operate at

temperatures of about 310°F. A Be-Cu beam was found to the heaviest.

2.5.1.3 Beam Tip Intercostal Study

Studies were made to justify the use of an intercostal between the deployable
beams at the outboard end of the panel and to optimize the intercostal cross

section compatible with minimum weight.

Results of analysis show that an unsupported outboard edge of the panel would
vibrate excessively when in the stowed position and excited by launch vibra-
tion. Undesirable effects of excessive vibration of the unsupported edge

are that fatigue failure could occur along the outboard attachments of panel
to beams. Aléo, without a structural separation member at the beam tips with
the panel in the deployed configuration in space, relative deflections of

the panel and beams could cause disturbing perturbations.

A desirable advantage of the intercostal is the ability to hold the beam tips
apart and control their position when deploying the panel over a roller support
system in a l-g field. Beam column loads induced under this condition were
used for optimization of the intercostal. The more severe of the forementioned
loading conditions, that is, induced vibration to the intercostal during launch,
is reduced to insignificance by locating the intercostal such that it is
snubbed against the panel wraps in the stowed poéitidﬁ. Polyurethane low den-
sity foam applied to the intercostal will provide protective medium for the
solar cells by attenuating vibration energy between the intercostal and

stowed panel.
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2.5.1.4 Wrap Drum Study

The basic considerations in selection of the wrap drum diameter and skin con-
cept are (a) sufficient longitudinal bending stiffness to withstand launch
wvibration excitations, and (b) sufficient radial elastic stability to with-
stand radial pressures induced during launch if the wrapped panel is excited
in a radial mode of vibration. Since this design features a drive through
an auxiliary torque tube and the fact that torsion considerations are less

severe than bending considerations, torsion is not important.

A wrap drum of 12-inches in diameter with magnesium skin was suggested in the
panel aspect ratio study and was therefore pursued further in this study.

Two design concepts were considered for comparison, (a) a magnesium skin drum
and (b) a drum with the skin stabilized by honeycomb. In the case of the
magnesium skin drum, internal rings are provided to stabilize the skin from
buckling inward when subject to a radially induced vibration force from the
wrapped panel. Holes in the skin are provided as an efficient means of mini-
mizing weight where both radial stability and longitudinal stiffness are of

concern.

The prime constraints considered for use in selecting the optimum drum are
(a) minimum weight and (b) stowed panel dynamic deflection limited to 0.25
inch, The latter constraint minimizes the possibilities of vibration damage
to the solar cell installation and minimizes the clearance required between

stowed outer panel wrap and adjacent structure.

Analysis of a honeycomb skin stiffened drum on an equal bending deflection
basis indicated that tﬁis concept would weigh more than the magnesium ring
stiffened concept by an amount equal to the weight of honeycomb core and
facing adhesives. A 1% weight savings would be realized using fhe honeycomb
on an equal strength basis; however, dynamic deflections would be increased
approximately 30% above that desirable for minimization of effects on the
solar cells. Therefore, only the ring stiffened drum was pursued further in
detail.

2-49



Ring-stiffened magnesium drums of various diameters and sheet thicknesses are

plotted as a function of frequency in Figure 11 showing which diameter and
sheet thickness combination results in a minimum weight drum in which the
bending deflection at vibration resonance is no greater than 0.25 inch. Ana-
lysis assumed pin-ended support conditions at the end mount bearings, which
has been verified by test on a full size drum. A drum of 12-inch diameter.
with a skin of 0.032 inch thick magnesium, 30% area lightening holes, two
internal rings and a natural frequency of 50 Hz was selected. The ring spacing
was selected to provide radial elastic stability of the drum skin subject to
a dynamic radial load. This load was 0.61 pound/square inch based on a 50-g
response acceleration of 2/3 of the stowed panel wraps vibrating in a radial
breathing mode. The selected drum was analyzed for stresses in beam bending
at vibration resonance using response accelerations of 50-g on the wrapped
panel and found to be structurally satisfactory. The 50-g level was based

on an effective dynamic transmissability of 10 to the stowed panel.

For comparison of the assumptions used in this study with test results, i.e.,
(a) that the drum supports the stowed panel in a beam bending mode of vibra-
tion and (b) that the stowed panel dynamic transmissability is 10, see Section
2.5.2.

2.5.1.5 Effects of Dynamics of Spacecraft Mount

Dynamic analysis of the proposed spacecraft mounts made of magnesium showed
that they would not be sufficiently rigid to limit dynamic response to the
stowed panel of 50-g. (The calculated natural frequency of the mount support-
ing the drum was 60 Hz where as a minimum a design frequency of 150 Hz should
be maintained.) The result would be drum bending deflections greater than
0.25 inch, which was used as a constraint to minimize the possibility of

solar cell damage.
The possible solutions were:

a. To use beryllium for the spacecraft mount or for the wrap drum in place

of magnesium. No weight increase over the design proposed would result.
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b. Increase spacecraft'mount stiffness by increasing its cross section size
and substitute for the proposed magnesium, material of slightly higher
modulus of elasticity, but of little density increase, such as aluminum.The
increase in weight was found to be small. . A small change in panel aspect
ratio was required due to a forced reduction in length of wrap drum to

accommodate the larger mount.

c. Use shock pads of viscoelastic medium between the spacecraft mount and
wrap drum to reduce dynamic excitations to the stowed panel. This'possif
bility was discarded when analysis showed that a 1.4-inch deflection was
required in the shock pads in all directions normal to drum axis to
attenuate the excess energy. Dynamic motion of the stowed panel of this
magnitude and an additional weight of about one pound were the factors

which eliminated this concept.

d. Use a vibration snubber at the center of the wrap drum to reduce bending
deflections. This possibility was discarded due to an additional weight
of about two pounds for modification, neglecting additional spacecraft

provisions.

The solution to this problem was to increase the spacecraft mount cross section
size and use aluminum, effecting an increase in stiffness. Justifications

were:

a. That the use of beryllium was not required.
b. Added weight is small.
c. Change in panel aspect ratio from 5.3 to 6.4 has small effect.

d. Design goal of 30-watts/pound can be met.

2.5.1.6 Drive Torque Tube Study

A study was made to determine which of two torque tubes (see Figure 12) design
concepts would be of least weight, (a) a torque tube which must carry its own
induced load at resonance in a sinusoidal vibration environment and sufficiently

rigid to minimize bending deflection under these conditions and (b) one which
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is snubbed against vibration at its center. In the weight comparison, it was

assumed that a minimum sheet metal member could be provided on the spacecraft

bus to mount the snubber; the weight of this member was not considered.

Holes. in the tube wall were not considered since torsibnal deflection must be
minimized; rather a tube of tapered wall thickness was considered for weight
reduction where bending rigidity of an unsnubbed tube was of prime concern.
The comparative weights of the basic tube if unsnubbed or snubbed were the

same since torsional rigidity could not be sacrificed.

Dynamic analysis of an unsnubbed tube, using magnesium of 0.030 inch thick
wall, showed that its natural bending frequency of 50 Hz would couple with
that of the wrapped panel/drum bending mode, requiring additional spacing

for the tube equal to 0.34 inch. The torque tube mounts would then increase
in length, adding weight to both the mounts and drive sprockets which also
increase in size. It was decided to eliminate the tube deflection by snubbing
at its center; an additional weight of approximately 1/4-pound resulted. (The
effect on the electrical power/weight ratio neglecting the spacecraft bus pro-
visions would be small, about 1/10 watts/pounds.) The tube should be made of
half-length tubes, supported at one end by the deployment guide sleeve mount
and at the other by the center snubber. This should be done in such a way as
to provide for thermal expansion/contraction at one supported end (center
snubber) and provide for axial load reaction at the other end (guide sleeve

mount) .

2.5.1.7 Wrapped Panel Layer Separation Medium Study

The primary reason for use of a medium between the wrapped substrate layers
is to prevent induced buffeting of solar cells during launch vibration exci-
tations. The more critical environment of concern is the 4-g (0-Pk) sinusoi-

dal excitation.

The separation medium should (a) be of low density to minimize weight and

(b) have the proper spring rate to allow for some energy absorption and yet
prevent excessive deflection, possibly causing solar cell contact and breakage E
at vibration resonances. Also of importance is the vibration damping provided

by this medium when considering the wrap drum design.
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Thermal studies performed in the trade-off study phase suggested that by

limiting the medium to concentrated areas, not to exceed 40% of the solar
cell area, will result in operating temperatures no greater than 131°F at
1 A.U., allowing an electrical output power of at least 10-watts/square foot.
‘For maximum dynamic efficiency, these concentrated medium areas should be

disc pads in shape.
The constraints set forth for analysis were that:

a. Dynamic deflection of the medium under sinusoidal excitation at resonance

shall be no greater than 0.10 inch to prevent edge contact of solar cells.

b. That separation medium thickness shall be no greater than 0.15 inch to

prevent excessive build-up of stowed panel thickness.

c. That the spacing between pads be limited to 2.5 inches maximum so that
vibration deflection of the wrapped substrate is negligible between pads.

An analysis based on pad deflection only is thereby made possible.

d. That the medium thickness be no less than 0.05 inch to prevent damage to

solar cells subject to possible loads during wrapping on the drum.

e. That the medium thickness be constant on all wraps to facilitate ease of

coordinating beam and panel wrap rates.

Selection of the optimum medium design on a minimum weight basis satisfying
these constraints was made after plotting weight versus natural frequency of

various configurations.

Figure 13 shows the plot of natural frequency of various medium configurations

versus weight for each respective panel wrap.

These configurations vary in medium thickness and where the medium thickness

and where the medium is less than a full blanket, the variable is pad center
“5 distance. Pad diameters were held constant at 0.75 inch, a diameter which

appears to be optimum, by examination. A similar plot was made for silicone

sponge medium.

2-55



0zl

sped wreoy sueylainiiod Io04 Adusonbexg snsiep Iy3teoM ¢T oxndij

N
(SdD ¢ ) XONANDIAYA
01T 00T 06 08 0L 09

I 1 1 R { !

mh..m\mmq 89 'T = ALISNHd WVOJ
169°0 = NAQy

NI/ISdZT 3 ‘ELVY DNIEdS

ONISVIHONI VEYY avd INTOHAd

N

|
i
|
)
;
_
|
|
I
4
)
&
|
|
I
|
|
|
i
|
|
|

SAVYEM 2T H0J SIT $°2 = IMm
NI 0ST 0 = 3 SSANJOIHL aAvd

|
|
.
|
ONISVIHOId SSEANMDIHL AVd —~a—|

/

HONORNONONOICNRONONONONG),

@ :

ON dVdMm

S0 -

0t”

S1”

0z’

Sg"’

0g”’

gg”’

(2

Sy

dVdM JAILDIdSHY NO SAvVd J0 (SH’I) LHDIUM

2-56



The lightest weight medium shown in Figure 13 for polyurethane foam will
resonate at 52.5 Hz. Lighter weight configurations, to the right of the opti-
mum vertical line, would have pad area coverage greater than 40% and result in

excessive solar cell operating temperatures.

The study showed that the lightest weight medium will result using polyurethane
foam. A nominal foam density of 2.0 pounds/cubic foot, about the minimum
obtainable, will result in a total medium weight of 2.4 pounds as compared to
17.2 pounds for silicone foam of minimum obtainable density. The pad area
coverage will vary from 38% on the second wrap to 14% on the outer wrap. The
inner wrap, where loads are maximum, will be supported by a full blanket

bonded to the drum. Bonding the blanket to the drum rather than to the sub-
strate will prevent excessive temperature of the solar cells on the inboard

subpanel.

For comparison of natural vibration frequency shown here with that found by

test, see Section 2.5.2.

2.5.1.8 Stowed Panel Axial Vibration Dynamics

Large induced launch vibration excitations to the wrapped panel in the axial
direction would cause excessive motion of the wrapped panel layers, possibly
allowing the wraps to slip and displace relative to each other on the drum,
or displace the two side deployment beams, which could then prevent normal

deployment.

A study was conducted to determine the cross section and facing thicknesses
of the wrap drum honeycomb end plates required to provide a minimum weight
design sufficiently rigid to minimize excitation accelerations to the
wrapped panel. This end plate optimization study was made prior to inclusion
of a thermal slip joint at one end of the wrap drum; therefore, dynamic ana-
lysis of the finalized design which supports all load at one end plate is

substantiated in Section 7.2.2.
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If the stowed panel is excited at launch, a dynamic transmissibility of 6 to

the wrapped panel is expected., Sample tests were conducted to determine what
axial force can be transmitted between wrapped layers before slippage will .
occur. The friction restraint force which can be provided was found to be
small compared to expected induced vibration loads. Therefore, relative
mbtion of the panel wraps will be limited by a beam restraint at each end of.
the drum (see Figure 14.) Loads will be transmitted to the beams in tension
by the panel-to-beam attach tabs. Loads are calculated to be 10-pounds/attach
tab.

2.5.1.9 Deployed Panel Thermal Study

A thermal analysis was conducted to determine the effects on solar cell oper-
ating temperatures utilizing 1 mil fiberglass substrate versus 1 mil Kapton
substrate. The study was conducted for two areas of the deployed panel
approximating the extremes in percent radiation blockage areas provided by the
polyurethane foam solar cell protection pads (39.3% and 9.8% areas were

analyzed).

The results of the study show that the use of Kapton substrate with no more
than 40% backside radiation blockage by the foam pads will yield a solar

cell operating temperature no greater than 134.0°F at 1 A.U.; this corresponds
to a solar cell power output of 10-watts/square foot at 1 A.U., the baseline
requirement. The solar cells would operate at a temperature 8% higher using
fiberglass substrate, resulting in a reduction in electrical power and a

corresponding reduction in watt/pound.

The material thermal radiative properties used in the solar cell wrap config-

uration analysis were:

a. The solar absorptance of the array front face is a, = 0.84. The energy is

absorbed at the cell after transmission through the cover glass.

b. Re-emittance on the front face is from the cover glass and the emittance

is assumed € = 1.0
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c. Backside radiation losses occur by radiation from the Kapton surface,

e = 0.35 (measured), and by transmitted energy through the Kapton as

radiated by the cell backface which is coated with adhesive (Eeffect

from the cell surface after transmission is e = 0.34).
d. Foam sponge € = 0.9.

Radiative properties of the Kapton film were determined by laboratory measure-

ments report in Section 7.4.

2.5.1.10 Effects Qf Stowed Panel End-On Solar Flux With No Thermal Control

An item given detailed consideration is an extreme case condition which occurs
only if the array is not sun-oriented at the time of deployment. The stowed
panel being oriented, end-on, to the solar flux at 1 A.U.; the opposite end of
the drum would radiate to deep space. Results of the study show that tempera-
tures at the cold end of the drum would not drop below -20°F after reaching
thermal stability in this attitude after six hours. A temperature difference
in the stowed panel between extreme ends of the drum would reach 214°F after
stabilization. Effects of this temperature differential are that tensile
loads would be introduced in the substrate-to-beam attach tabs (due to con-
traction of the Kapton substrate relative to the wrap drum) which would be
about equal in magnitude (10 pounds/tab) to the loads developed during 1auﬁch
sinusoidal vibration. However, should the panel be required to deploy under
this thermal condition, where the stowed beams are pulled tight against the
restraint fence, a larger increase in motor drive forces could develop. An
analytical study, presented in Section 2.4.1;11, was therefore made to show
that thermal control means can be employed to reduce the temperature differ-
ence of 214°F to 30°F; the effect on. deployment will thereby be reduced to

an acceptable level.

2.5.1.11 Thermal Study of Stowed Panel With Consideration For Effects of

Thermal Control

A preliminary thermal analysis of array (in the undeployed state) was completed.
Mission phases and vehicle orientations resulting in worst case gradients were

considered.
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The reduction of temperature gradients within the undeployed array required

investigation. This gradient can be minimized by application of vacuum-
deposited aluminum (VDA) to external surfaces and an additional wrap of low
thermal emittance and solar absorptance (such as VDA on Kapton film) to cover

the high emittance solar cells normally exposed on the wrap drum.

- The approach to reducing température gradients within the retracfed array 1is
to insulate the structure from unwanted heat fluxes by selection of proper
surface finishes to reduce the absorption of solar energy and radiation of
thermal energy. In order to minimize the energy re-radiated by the external
surfaces, and steady-state temperatures, it would be desirable to minimize
both the o and € of the external surfaces, at the same time maintaining
a low a/e ratio. This combination of surface properties will minimize the
cooldown rate and inherent internal gradients during shadowing and solar
exposure following shadowing. Flexible thermal control materials with
the above characteristics are currently available "off-the-shelf" in sheet
form. The coatings are manufactured by vacuum-depositing a thin layer of
silicon monoxide over a reflective metal layer (usually vacuum-deposited
aluminum) on either plastic film or foil, such as 0.0005 inch Kapton. Since
the Si0 layer is transparent to solar radiation in the UV and visible region,
the solar absorptance is largely controlled by the metal coating while

the emittance is a function of S$i0 thickness.

The solar panel, wrap drum and beam supports are particularly subject to
large temperature variations because of the wide range of surface emittances
of the various materials. Low thermal conductance, light weight and large
size contribute also to difficulty in maintaining low temperature differen-

tials between various parts of the unit.

The thermal model used for the preliminary analysis shown in Figure 39
accounts for 11 wraps of solar cells with Kapton substrate, 10 lateral
divisions of the magnesium wrap drum, the torque bar, electrical motor and

" structural support ends. There are 37 nodes in all.
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Cold Soak in Shadow, Uncoated Configuration

When the uncovered solar array is deployed after an extended period in shadow,
severe temperature gradients may be in existence. Computer analysis of the
‘uncoated array temperature transients during a 10-hour shadow period (initial
temperature = 70°F) showed that the maximum temperature difference between
inner and outer wrap is achieved at 0.8 hour. The outer wrap was at -141°F
while the inner.wrap was at +55°F (see Figure 20). After 10 hours in shadow,

the outer wrap was -240°F while the inner wrap was -160°F.

Cold Soak in Shadow, Configuration with Thermal Control Coatings

Coating the exterior portions of the structural support systemwith/low
emittance VDA and including an additional panel wrap with a VDA coating
greatly reduces temperature gradients during the cold soak. With VDA applied
to an outer wrap, 10 hours of space exposure without external heating results
in a maximum gradient between inner and outer layers of 22°F. . The wrap

temperatures and temperature difference are shown on Figure 16.

Cold Soak Followed by Two Hours of Solar Exposure - With Thermal Control
Coatings

Application of vacuum-deposited aluminum to the undeployed solar array signi-
ficantly reduces the rate of heat transferred to the array when exposed to

the sun following a cold soak. However, since vacuum-deposited aluminum has

a relatively high ratio of solar absorptance to thermal emittance (as/a= 0.12/
0.03) its steady-state temperature in sunlight is high. Tfinal 2 528°F near
earth for this coating when backed by insulation. The transient response,
however, is slow for objects with considerable thermal mass because of the low
o - For this reason, the transient temperatures of wrap drum supports show

a relatively slow rise in temperature in response to solar heating after a

. period of cold soak. Because of its low thermal mass the outer layer of
vacuum deposited aluminum on Kapton shows a rapid response to heating from

the sun.
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Figure 17 shows the time-temperature response curve of array components for

end-on solar heating after a 10-hour cold soak.

Proposed Thermal Design

Long term solar exposure of the retracted array, followed by a cold soak due
to spacecraft or planet shadowing could result in temperature gradients more °

severe than those considered above for launch conditions.

The addition of aluminized Kapton with a thin coat of Si0 offers a solution
to this problem. An analysis was made using values of Si0 coated VDA on the
outer wrap with € = @, = 0.12. Figure 18 shows the results of a 10-hour cold

soak followed by 2 hours of solar exposure.

As expected, the inner to outer wrap temperature difference has decreased
during the cold soak over that of the uncoated VDA. The temperature dif-
ference during solar exposure was decreased and the steady-state temperature
will be reduced significantly (from approximately 580°F for a near Venus
Solar Flux).

To reduce temperature gradients within the undeployed array under conditions
of solar exposure and shadow, it is proposed to include an additional panel
wrap. The wrap will consist of the necessary additional beam length support-
ing two layers of aluminized Kapton separated by foam pads. The outer layer
will have a sufficient thickness of Si0 overcoat to result in an o/e of

approximately 1,0.
This design will result in a system which will minimize thermal gradients

and shock in virtually any sequence of retraction and deployment in shadows

or solar flux.
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Mission Analyses

Four phases of flight are significant from the point of view of thermal con-
trol of the solar panel arrays: (a) near earth in shadow; (b) near earth in

solar flux; (c) cruise, and (d) near planet destination.

For near earth, cruise, and for near Mars or Venus, the thermal control design
will employ the same general concepts. The system will rely heavily upon
thermal isolation from the external environment with an inherent large time
constant to eliminate sharp temperature excursions during various midcourse
maneuvers, transition from shadow to sunlight and during retraction and
deployment.

The solar absorptivity will be chosen with due regard to:

a. The effective solar absorptance due to radiosity effects (multiple inter-

reflections of solar energy).

b. The possibility of ultraviolet degradation resulting from prolonged sun

exposure, and

c. Micrometeorite penetration, Van Allen belt radiation and increases in

solar flare activity.
The thermal emissivity will be chosen with due regard to:
a, The effective emittance due to radiosity effects.
b. Space and/or ground hold deterioration, and

c. Desired lower temperature limit and gradients during prolonged orientation

with the array shadowed by the spacecraft umbra.

2-68



2.5.1.12 Thermal Stress Considerations

Thermal stress calculations are made to establish the characteristics of the
array and to confirm the operational suitability when subjected to the
‘extremes of thermal environments. The two critical thermal conditions consid-

ered are:

a. Cold Soak, (stowed configuration). Starting at 102°F ambient and cooling
in planet shadow for 10 hours.

b. Venus Flyby, (deployed configuration). Starting at 70°F.ambient, heated

to a temperature of 231°F.

The thermal stress calculations are made considering that all structural ele-
ments are free of thermal stress at the ambient (70°F) temperature, and all
thermal growths are related to condition a or b. Considerations are given to
the panel in both the stowed and deployed conditions at the start of deploy-
ment or retraction. Further consideration was given to configurations both
with and without an outer thermal control wrap around the drum and substrate

in the stowed condition.

No problems were encountered with the deployment or retraction of the 50-square
foot rollup panel after thermal heat soak in either the retracted or deployed
soaking condition, which simulated near earth or near Venus conditions. Dur-
ing cold soak, thermal loads were developed, between the deployment beams and
guides which resulted in an increase in friction and deployment retraction
forces which in turn required higher output torque in the drive motor. These
higher drive forces indicated the need for more effective thermal control

means for the stowed panel,
The calculations and data in this section substantiate the thermal controls

which are proposed to reduce the thermal loadings and to assure proper deploy-

ment and retraction.
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Consideration is given to the use of aluminum for the tip intercostal instead

of titanium. Originally in Phase I titanium was selected, but calculations
for thermal considerations show that it is better to have the thermal expan-
sion of the intercostal compatible with the drum. Calculations for the tip
intercostal are shown in Table 4. Temperatures used in this table were taken
from Figure 19 and Figure 20 for t = 9.5hours which was the most critical

condition.

Table 4 indicates that a very high end force in the intercostal could develop,
if it were not for the fact that the beams give in the guides thereby relieving
most of the intercostal load. Based on thermal expansion of the intercostal,
Figure 21 shows that side loads (P) are induced in the beams as a function of
beam deflection. The beam deflection is one half of the intercostal growth
since there are two side beams. Table 4 indicates the desirability of an
aluminum intercostal, and a thermal wrap on the drum, as indicated by the beam

side forces (P).

The thermal wrap selected for study was a wrap of two layers of VDA and Si0
coated Kapton around the stowed panel. The effect of beam side load (P) on

measured motor torques is shown in Figure 22.

Further thermal stress studies were made on the stowed panel configuration.
The outer layer of Kapton (substrate) is the most critical with respect to the

wrap drum growth.

Results of stowed panel thermal stress calculations are shown tabulated in

Table 5., Temperatures were taken from Figures 19 and 20.

By comparing the beam loads at the radial fence, the advantages of the ther-
mal wrap can be seen. Side load on the beam is almost totally eliminated by

using the thermal wrap.

The use of the thermal wrap provides an efficient method of controlling the
thermal gradients and any induced loads. This control minimizes the substrate-
beam attachment loads, reduces beam guide friction and deployment motor power

requirements.

2-70



WPMOID [EHULISRId~ ooy

INI

'sq[ ‘180l Aq punod pROT [BMIOY ~ d
sql ‘prOTT TO1IRIORYL ~ d [€1S00 I8 U} ~

yi8uo ut a8uryp ~ V wna( ~ ga

deap Tewaoyl WM (g-) ‘deam Tewaay] oN (1-) ‘(pemojs) dn porloy - N¥x
Ov) 1o- v

(901) 0°9T (gom) ¢*o1 - &
(901) 0°¢ (901) 6°2T - ®
1L TV
G'9 | 8%g+| 08T‘€q+ | STT 0+| 0990°0+| 8¥8T 0+ | TEG+ |16+ 0 1L -- | g snueA
I°0 | 8% +| 069°T + | ZETO'0+| 0990°0+| SPST 0+ | T€T+ |[TI83+ | 0L TV -= | ¢ SNUSAx
2°'G | Tee+ | G8E LT+ | T680°0+| 8LG0°0-| 69FT 0- L - |85 - | 0L L g6 | 7Ny
0°0 | 3T - | S€% $€00°0+| €0ST"0-| 69%1°0- L - |8 - | 0L Tv 6 | TN«
T°L | L8%+| LPG‘92+ | $SET 0+ | €92T°0-| LT9Z°0- | 88g- |[8SI- | 0L L $'6 10y
0F'% | 0b2-| 82G ‘8 - | 9990°0-| €82€°0-| LT9%°0- 8€2- | 89T~ | 0L v $'6 T 0Y «
ve 81| d 1sd Tddy| INIy | ¥Qy INI, | (o) | WV | TOLIOJEIN | SINOH | UOHIPUOD
‘JoH o ﬁ ¥a, OWILY,

NOISNVAXT TVIEHL WNHA-TVLSODYAINI

¥ J18V.L

s

2-71



0.12

L
s
UJQ
i

0,12

M m
1

INNER LAYER - 0-03

A

OUTER LAYER

__AA PROPOSED DESIGN
Eo20f \ \ //
| A1 \ , /
STy W4
! / \ | AT
™
K —
o \
~10
= \ N
é AN |
-20 ‘
& N INNER
= N\ // WRAP
& _30 \
~-40 \
OUTER AN o
WRAP
0 \\ / “
-60 ;\\ ‘VK
—70 \,‘k \—-‘
' NORMAL
PO [Soran
-80 | _—|EXPOSURE
©o 1 2 3 4 5 6 7 8 99510 11 12

TIME --- HOURS

Figure 19 Temperature Response With Si0 Over Two Layer Vacuum-Deposited
Aluminum Outer Wrap (Cold Soak Followed by Near-Earth Solar Flux)

2-72




80

60\"

€

WRAP

0.84 (EMISSIVITY)

40
.0
0
- 20 \
- 40 N\,
e \
o’ - 60 - N ‘ - 200
" i \/INNER WRAP
' /1IN
o - 80 | ‘ , 180
2 N AT
&
2 -100 | \/ 160
o
-140 t \ \ 120
-160 100
\ \4/ OUTER WRAP g
-180 - T 80
-200 > 60
\\
-220 \\\ 40
-240 20
~260 — 0
0 1 2 3 4 5 6 7 8 99,510
TIME - - - HOURS
Figure 20 Temperature Response With "Exposed'" Outer Wrap-Cold Soak

TEMPERATURE DIFFERENCE, AT --- °F

2-73



2-74

BEAM DEFLECTION ( A ~ IN) (1/2 OF INTERCOSTAL THERMAL EXPANSION)

[
[a)

[ =
©

L]
(o)
o]

==}
-3

.06

.05

.04

(=}
(2

.02

.01

O TEST DATA

| l I | | ] | |

.0 2.0 3.0 4.0 50 6.0 7.0 8.0 9.0

BEAM SIDE LOAD ( P ~ LBS)

Figure 21 Beam Side Load Versus Beam Deflection




2-75

deam TBULIOY} YIIM Tx
deam TBULIOY} ON Tk
oousf weog uo peoy pud =d Zx

dvi
v- mmq =9 T«

vojdey] ~dvi
wniq ~ 4d
MO TOWISYL, ~ VY

o0us § 18 poonpul peo] eny ~ d

Ge0+| A4S + | ¥600°0+ | Lz50°0- | €8%0°0- | §°2T G"g¢g 0L 0°3 Tk

9%°9+| QS0°‘T+ | SEALT'0+ | €¥81°0- | 80Z0°0- ZvI- 2 0L 80T Ta
@ 1sd «V dviVv aa v avi, | ¥a, of | (savom | wommpumop
d Y any owILL

SHSSTYLS TVINITHL WNda-NOLAVY QEMOLS

S 279Vl




20

[~ BEAM
15 |- ' ! DISTORTION EXCESSIVE

RELATIVE TORQUE, EACH BEAM

0 ] | 1 ] |
0 2 4 6 8 10 12

CONTRACTION FORCE, LBS.

Figure 22 Relative Beam Drive Torque Versus Substrate
Thermal Contraction Force

2.5.1.13 Deployment/Retraction System Drive Motor Requirements

The derivation of the equation and the determination of the retraction motor

torque is shown in Reference 2. The equation for the motor torque is:

60 F, (V)

T = % (RPM)

‘and the calculated torque

T = 33.3 inch-pounds at 6.0 RPM

Preliminary measurements obtained from the full size deployment model indicates
that the torque required to retract the substrate in the horizontal mode is
about 50 inch-pounds applied by the drum mounted motor. This tofque is some-
what higher than predicted but is attributed to the friction between the sub-
strate and support table. Further measurements will be made to verify the

analytical predictions.
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2.5.1.14 Study of Attachment of Panel Substrate to Deployable Side Beams

Studies were made to determine the maximum allowable spacing between tabs

attaching the panel substrate and deployable beams. The attachment was studied
 for loads which might occur under the following conditions:

a. Deployment in a 1l-g field over roller supports.

b. An arbitrary and conservative 0.2-g in-space steady state maneuver load.

c. Restraint required to resist axial load vibration.

A tab spacing of 4 inches on center was selected. Tab loading of 1 pound or

less were determined for conditions a and b above and 10 pounds for conditionc.

Analysis verified the use of l-inch wide tabs of 0.002 thick silicone coated
fiberglass bonded to the Kapton substrate in double shear and to the beam in
s-ngle shear. The load is transferred by the tabs directly into the substrate

which is stabilized against distortion by the aluminum electrical bus strip.

2.5,2 Electrical System Studies and Analyses

Discussion in this section reviews work performed with respect to the electrical
equipments involved in the solar array, principally, considerations pertaining
to the solar cell installation. Other investigations of electrical components
were concerned with a design for control of the deployment-retraction drive
system and an arrangement for accomplishing power transfer through the wrap

. drum to the spacecraft.
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2.5.2.1 Solar Cell Installation Studies

2.5.2.1.1 Circuit Layout Analysis

The physical, mechanical, and electrical restraints which govern the design of
a deployable rollup solar cell array will be discussed in the following .

paragraphs.

Area Utilization

Area utilization is defined as the maximum number of solar cells that can be
bonded to a given area of substrate. Percent utilization is a function of
solar cell size, spacing between cells, circuit termination design, substrate

size and optimized circuit output power considerations.

Solar Cell Size

Area utilization or packing factor is based on industry standard sizes for
solar cells currently being manufactured. For a 2 x 2 cm cell these dimen-
sions are .788 *.005 x .788 *,005. Where 2 x 6 cm cells have been considered,
these dimensions would be .788 *.005 x 2.394 *.005. The 2.394 *.005 dimen-
sion for the 2 x 6 cm cell utilizes the .005 wasted space between 2 x 2 cells

and increases the packing factor by 0.63 percent.

Solar Cell Spacing

Nominal spacing between parallel solar cells is 0.010 inch. This spacing
achieves a parallel cell pitch (distance from one cell edge to the correspond-
ing edge of an adjacent cell) of 0.798 inch. Nominal spacing of series connec-
ted cells is 0.017 inch. This spacing achieves a cell pitch of 0.805 inch.
Upper size limits on cell size dimensions were selected to avoid the possi-
bility of interference between cells and coverglass and to allow greater

flexibility in assembly tooling.




Spacing between adjacent portions of a circuit will be 0.012 inch. Spacing
between complete circuits will be 0.012 inch.

Circuit Layout

The major parameters to be considered at this time are substrate size, operat-

ing voltage, and magnetic field considerations.

The substrate laydown dimensions are 76.70 x 36.21 inches. The 36.21-inch
dimension allows 45 2 x 2 cm cells to be placed in series. The 76.70 inches

allows 96 2 x 2 cm cells in parallel plus appropriate intercircuit spacing.

Using 2 x 2 cm cells, each substrate will consist of 4,320 individual 2 x 2
cm cells connected in series parallel in eight circuits. Each circuit con-
sists of 3 cells in parallel by 180 in series (4 subcircuits of 45 cells in
series). The even number of circuits minimizes the magnetic field associated

with the completed solar cell array.

Operating Voltage

A study of current space power conditioning equipment revealed that the opti-
mum operating voltage should be in a range of 50 to 100 volts for maximum
power conversion efficiency. The aforementioned configuration utilizing a
2-ohm base resistivity solar cell at a temperature of 55°C will generate
approximately 76 volts at the maximum power point. This voltage is within

the 50 to 100 volts considered optimum.

A second configuration consisting of 90 solar cells connected in series was
considered. The voltage produced by this configuration was 38 volts, but the
output current was doubled. The higher output current necessitated the
installation of substantially heavier wiring. This configuration was conse-

quently rejected.
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2.5.2.1,2 Power Analysis and Trade-Offs

The following parameters established the baseline for an analysis of the large

area rollup solar cell array.

a. Power output 10 watts per square foot of the solar cell area. This is the

area covered by solar cells including intercell spacing.

b. Illumination intensity at air mass zero and 1 A.U. equivalent solar
intensity.

c. Operating solar cell array temperatures assumed to be 55°C.

The general approach to the power analysis will be discussed in the sequence-

in which pertinent steps were performed.

Solar Cell Analysis

Typical I-V curves for 2 ohm and 10 ohm centimeter base resistivity solar

cells in various thicknesses were selected from the report entitled '"Perform-
ance of Very Thin Silicon Solar Cells', Reference 6. Appropriate extrapola-
tion was performed to extract maximum power voltage and current at the speci-

fied operating temperature (55°C).

The I-V curves presented in the aforementioned report were for a 2 x 2 centi-

meter solar cell with a corner dart contact configuration.

The maximum power current and voltage were adjusted to reflect losses due to
coverglass installation, assembly, and mismatch. Based on dimensions dis-
cussed in an earlier paragraph of this report, 224 solar cells measuring 2 x 2

cm will occupy an area of one square foot.

Three types of solar cell configurations were considered: the bar contact,
large bar contact, and the corner dart contact. The latter offers the advan-

tage of supplying a significantly higher power output for a given gross area o

e

of silicone, approximately 2.3 percent greater than the bar contact configura-

tion solar cell.
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Curves have been developed for power output per unit area versus solar cell
thickness for both bar contact and corner dart contact cells with silicon base
resistivities of 2 ohm and 10 ohm centimeters. These curves are presented in

Figures 23 and 24.

2.5.2.1.3 Magnetic Moment Determination

The rollup solar panel has been designed in a manner to render the magnetic
moment (M) and generated external magnetic field (B) minimum in values. This
has been accomplished by alternating the direction of current flow in adjacent
circuits for which the geometry is equivalent. Following is an analysis per-
formed to determine the order of magnitude of the residual magnetic moment and

external magnetic field.

Cross Configuration

For analysis purposes each individual solar cell circuit consisted of 180

2 x 6 cm N/P solar cells laid out in a configuration as shown below.

i e S 5

- Bl | A

[f s) 1 i—
- —

aillir ? Al

---56 series solar cells in each circuit leg---

The direction of the electron flow is indicated by the arrows. Eight such cir-
cuits are connected electrically in parallel with polarity of adjacent circuits
being geometrically reversed. Parallel connection is accomplished by two strip
bus bars of .001 inch thickness which are separated by .005-inch thick insula-
tion. These bus bars run transverse to the direction of the panel and are

connected to a redundant set of panel bus bars of the same cross-section and
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separation which run in a longitudinal direction. A total of 13 sets of 8 cir-

cuits are connected in this manner to the panel bus bars for a total of 104

circuits for the entire panel.

Magnetic Moment

The magnetic moment (M) is defined by the expression

where i is the current, measured in amperes, and a, is the projection of the
circuit area in a plane for which X, is the normal unit vector, and for which
n :

the three unit vectors are orthogonal.

In the case of the roll-out panel, it is convenient to define the orthogonal
set of unit vectors as being normal, transverse, and longitudinal to the
panel substrate in the extended position.. Each component of the magnetic

moment shall be considered in turn.

Normal Component of Magnetic Moment

%

The normal component of the magnetic moment for each individual circuit will be
equal to the circuit current of 0,341 ampere times an effective area of

18 x 90 cm2 = 0.162 mz, which equalé 5.52 x 10_2 ampmeterz. Since adjacent
solar cell circuits have reversed direction of the electric current, the con-
tributions to the normal component of the magnetic moment from all the circuits
on the panel will cancel in pairs. Thus, the normal component of magnetic

moment will vanish.

Longitudinal Component of Magnetic Field

As a result of the collection of the current from each section of eight cir-
cuits by the transverse circuit bus bars for distribution to the longitudinal

bus bars, a component of the magnetic moment in the longitudinal direction will e

o

exist.
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A net effective current equal to 8 X 0.341 - 1 3g amperes will traverse

a loop bounded by the width of the panel, 1.95 meters and the mean separation
of the bus bars which is 0.0015 inch - 3.75 x 10-5;meters. - The area of this
loop is then 7.31 x 107> n? and the magnetic moment contribution is 9.96 x 107°
ampmeterz. Since there are a total of 13 such bus bar loops, the total value
of the longitudinal component of magnetic moment for the entire panel will be

1.3 x 1072 amp m?.

Transverse Component of Magnetic Moment

The panel bus bars extend a distance of 12.15 meters along the length of the
extended panel. The mean separation of these bus bars will be the same as in
the previous case so that the total area of the current loops will be 4.56 x
-4 2
10 " m™,

that at the termination which is

The effective current passing through this loop will be one-half of

8 x 132x 541 17.70 amperes

The effective transverse component of magnetic moment for the panel is then

computed to be 8.1 x 1073 amp—mz.

Reduction of Magnetic Moment

The components of magnetic moment in the transvevrse and longitudinal can only
be reduced as a result of reducing the effective thickness between the bus

bars. This may be accomplished only as a result of réducing the thickness of
the bus bars and insulation. For mechanical stress considerations, this does

not appear to be prudent.

Consideration of Magnetic Field Strength

It has not been stipulated at what position relative to the panel the magnetic
field strength was to be evaluated, and if it were so stipulated it would be
virtually impossible starting from basic definitions to perform such an evalua-

tion (i.e., uses of law of Birot and Sevart). Certain generalizations,

though, can be made, which would be of qualitative nature:

2-85



As a result of the reversal of current direction in each of the indi-

vidual circuits relative to its neighboring circuits, the component of
the magnetic field normal to the plane of the panel will tend to aver-
age to zero at a given point in space. This approximation will be

more accurate at greater distances from the panel.

The magnetic fields resulting from the transverse and longitudinal bus
bars will cancel for each pair of positive and negative bus bars
except in regions very close to the bus bars and that region befween
the two bus bars. As a result of the additive effect, the magnetic
intensity will be of the extreme values in the region between the

bus bars. Since no ferromagnetic materials will be placed in this
region, this field should not affect the operation of the solar panel

or adjacent equipment.

2.5.2.1.4 Conductor Selections

Conductor selection was governed by three basic considerations. These were
minimum weight, optimum power loss per square foot of panel area, and a
minimum thickness buildup during retraction.

The following conductors were evaluated:

a. Teflon insulated stranded wire

b. Teflon insulated ribbon conductors
c. Kapton insulated ribbon conductors
d. Copper foil conductor

e, Aluminum foil conductor

f. Copper clad aluminum foil conductor

The first three items were eliminated due to excess weight.
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Copper and aluminum foils were compared. The weight saving realized by using
a 0.001-inch aluminum foil was 0.163 pounds. Problems associated with joining
aluminum will be alleviated by silver plating the aluminum in the areas to be

‘soldered.

A calculated conductor width table for aluminum (.001) is shown in Table 6.

Copper clad aluminum foil would be an excellent material for this application,
but it is not available at this time. This foil would consist of a layer of
aluminum between two layers of copper; layer thickness would be a 20:60:20
proportion. Handling and fabrication would be greatly simplified by the use
of this material.

The aforementioned discussion was concerned with longitudinal bus bars which
transmit power from the thirteen modules to the inboard end of the solar cell

array.

The transverse collector stiips which carry current from the positive and
negative circuit terminations to the longitudinal bus will be 0.002-inch thick

x 0.50-inch wide aluminum.

Feedthrough from the solar cell circuit terminations will be accomplished
through the use of 0.002 by 0.100-inch silver-plated copper strips. Two

strips will be used for each circuit termination to increase redundancy.

2.5.2.1.5 Blocking Diodes

Paragraph 3.7.1.2 of JPL Document No. 501407 states that the possibility of
shadowing is to be considered. This shadowing was not due to any’appendages
on the spacecraft but would be more total in nature such as complete shadowing
of the entire spacecraft. Because of this possibility, the use of circuit-
blocking diodes is not being considered. The only question which applies

here is whether or not the vehicle will enter into such a situation that

diodes would be needed, since any increase in panel components will only

lower overall reliability,
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TABLE 6

CONDUCTOR WIDTH SUMMARY
(1 Mil Aluminum)

Panel Number Conductor Width (inches)
1 | 0.706
2 1.367
3 1.980
4 2.546
5 3.065
6 - 3.535
7 3.960

8 4.290
9 4,573
10 . 4.810
11 4.998
12 | 5.138
13 ’ 5.235

Power/Weight Loss

The including of a blocking diode (or redundant diodes) to the circuits would
produce approximately a 1.4% decrease in array power output. This is of the
order of 35 watts. A typical weight for a diode employed for the circuits
that was considered would be about 300 mg., or 31 gms total (62 gms for
redundant diodes). This incurs a reduction in the power to weight ratio of
the order of 1/2 watt per pound. This is an obvious drawback to the use of

diodes.

)
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Shorting Between Cells

Shorting has also been examined. Shorting can occur either between two cells
or from a cell to the substrate. Neither occurrence is very likely. An ana-
lysis of open cell failures for the panel has shown that no more than one
failure per module (c¢ircuit) would be expected under the desired total panel
reliability of 0.99975. Experience has shown that the occurrence of cell
shorts is much less likely than opens. Therefore, in the most conservative
worst case only one cell short would occur in a module. Assuming that all
modules had one such short (virtually impossible), the power degradation for

the array would be less than 0.5 percent.

The specific power loss will depend upon the circuit‘s operating voltage point.
One short will, however, drop the open circuit voltage of the affected circuit
by 1/180 for 2 x 2 cm cell circuits. The circuit would consist of one 2 x 2
string, which is in parallel with two other 2 x 2 strings. To determine the
effect new I-V curves are drawn showing this open circuit voltage drop, main-
taining the same short circuit current. The effect on the operating power
point, which is usually located on or near the flat part of the I-V curve

near the maximum power point will then be negligible for the first one or two
shorts. Further, if only one module has a short, the total panel open voltage
drop would be less than that of one cell. Hence, even if a short between
cells were to occur, the power degradation would be less than that lost to
diodes, The number of random shorts needed to produce a power loss greater
than that caused by diodes is much greater than would be indicated by the
reliability analysis of all possible cell failures as described in the

section on Reliability.

Shorting to Substrate

The last short possibility considered is that between cell and substrate. In
view of the nature of the substrate material employed, a short could only
occur at the panel edges. In such a case, a contact could possibly occur

between the base of a cell and the positive bus -- assuming a tear in the

£ insulating Kapton. This should be essentially self-healing with the heat

generated producing a hole in the positive bus. The possibility of such a
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failure in the Kapton appears to be extremely remote in view of the nature of

the panel deployment.

Conclusions.

Since the inclusion of diodes will add another failure possibility, i.e.,
that of diode open or short, since it will produce a loss in panel power, and
since shadowing and shorting do not appear to be potentially serious power

loss modes, the use of diodes is not recommended.

2.4.2.1.6 Radiation Degradation

The extent of radiation degradation to solar cells is dependent upon the
environment of the cell, Hence for purposes of comparison of various cover-
slides, a general environment has been specified which will attempt to repre-

sent a realistic situation and at the same time facilitate cdlculations.

For this report a 10 ohm-centimeter N/P solar cell in a l-year solar orbit at
1 A.U. (Astronomincal Unit) will be considered. This will neglect the effect
of trapped protons and electrons near the earth. Thus, radiation damage will
occur through protons emitted by solar flares and ultraviolet radiation. The
former radiation primarily affects the cell by causing defects in the silicon
crystal lattice, whereas the U.V. (Ultraviolet) radiation will primarily

degrade the coverslide, and coverslide adhesives.

In vew of the fact that solar flares can differ widely in both intensity and
energy distribution and that measurements of low energy protons (<5 MEV) are
not available in any usable quantity, a certain amount of averaging and extra-
polating must be made. It should be kept in mind that the numbers thus
employed, although not necessarily conforming to any actual realized radiation
environment, do represent theoretically plausible conditions based upon the

experimental evidence now available.

2-90



Figure 25 shows the solar cell coverglass shield thickness as a function of
the coverglass thickness with curves for microsheet (Microsheet Silica
Corning No. 0211), lead potash (8871), and sapphire. The shield thicknesses
for the 3 mil microsheet, 6 mil microsheet, and the 1.3 lead potash are |

obtained from these curves.

Since present data on cell particle degradation is based on experiments with

1 MEV electrons the proton flux must be converted into an equivalent 1.0 MEV
electron flux. Figure 26 contains the information needed to make this conver-
sion. The lead potash curve is labeled 0.015, the 3 mil microsheet is 0.019,
and the 6 mil microsheet is 0.035 (their shield thicknesses). For the 6 mil
microsheet all protons with energies less than 4.4 MEV are essentially
absorbed by the coverglass and do not affect the cell. For the 3 mil micro-
sheet the cutoff is at 3.1 MEV, and for the lead potash glass the cutoff
energy is 2.7 MEV. The dosage received by the cell is obtained in the follow-
ing manner. A flux and energy spectrum is assumed for the radiation environ-
ment. With a given exposure period the flux can then be converted to a dosage
(number of incident particles per area). The proton dosage is then converted
by integration (using Figure 26) into an equivalent flux of 1 MEV electronics.

Then Figure 27 is used to determine cell degradation.

In the case of the 1 A.U. solar orbit, two different flux levels are consid-
éred. One will pertain to a probably expected environment and the second

will pertain to a highly unlikely high radiation environmment (a worst case).
Since flux levels can vary widely over short periods of time (with solar
flares), the dosage for 1 year will be more meaniﬁgful since it will essen-
tially average out the random flux variations. For case 1, a dosage of 8 x 108
protons/cm2 will be used, and for case 2 a dosage of 4 x 1010 protons/cm2 will
be used. The dosage curves versus time of exposure are shown in Figure 28,
where P(<N) means the probability of no more than N particles/cm2 being "seen"

during the specified time interval. Curves 1 and 3 have been used.

Information on the energy spectrum to be expected is somewhat ambiguous. One
reason is that the random solar flares, in addition to exhibiting different
flux levels, also have different spectrums. Second, since primary flare

measurements have been made on the earth, protons with energies below 4 MEV
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cannot be measured due to absorption in the atmosphere. By averaging many

flares and extrapolating spectral curves, we can expect to find approximately
equal numbers of particles in the region 2.7 to 4.4 MEV, 4.4 - 30 MEV, and

30 MEV and greater. These approximations appear to be reasonable on the
basis of the limited data in the low energy regions.

The results are summarized in the following charts.

PROTON DOSAGE EQUIVALENT 1 MEV ELECTRON DOSAGE

1.3 Mil Lead Potash 3 Mil Microsheet 6 Mil Microsheet

8 x 10’ P/cm? 6 x 102 5 x 1012 2.8 x 1012

1 14 14 4

3.5 x 1020 p/cm? 3 x 10 2.5 x 10 1.4 x 101

% DEGRADATION FOR 1 YEAR DOSAGE (Using Figure 27)

8 x 10° p/cm? 3.5 x_1o10 P/cm?
1.3 Mil 1.2% 18%
3 Mil 1.0% 17%
6 Mil 0.6% 13.5%

This degradation will represent the effect then of protons on the solar cell
itself. The ultraviolet radiation will also produce some degradation. For
3 and 6 Mil microsheet coverslides this will be of the order of 3% for one
year, depending on adhesives, filters, and coatings used. For the lead
potash no quantitative data is presently available, although browning of the
coverslide has been noticed. Measurements are now being made to determine
the magnitude of the discoloring for various exposure times and will be con-

sidered when available.
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2.5.2.2 Controls

Investigations were conducted to determine the problems associated with the
use of DC permanent magnetic motors in the space environment. Essentially

the same problems that are inherent in the slip rings are inherent in the DC
motor with the added gear lubrication difficulty. Both areas are discussed in
other sections of this report, and control of the motors is the subject of

this section.

Deployment/Retraction Control System

The deployment and retraction of the array is accomplished through an elec=
tronic sensing system that controls the deployment and retraction motor. This
system is designed such that, when deployment is commanded, both deployment

and retraction motor are energized. By adjustment of current input the deploy-
ment motor is the superior force and beam and substrate deployment takes place
but a lagging action occurs with the retraction motor imposing a drag on the
system. This has the effect of a braking action on the drum and retards

unwinding caused by the stored energy in the beams.

In the retraction mode both motors are energized but the deployment motor in
this case is controlled to lag the wrap motor, thus producing a snug wrap.
The electronic sensing system constantly monitors load and regulates current
input to the motors. This system eliminates the need for a drag brake

mechanism. The motors act as locks when current is off (see Figure 29).

Drive Motors

The investigation of electronic motors for the drive system consisted of
selection and test of candidate motors in a simulated array deployment cycle.

(Test description and results are discussed in Section 2.6.1 of this report.

Tests using the control system as conceived on the simulated test setup and
the full-scale model indicated that noise generated by the motors and unpre-
dictable differences in the motor and array mechanical system made current

sensing and control impractical. An alternate consideration was a relatively
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simple and accurate control parameter such as motor torque. The motor mount
can be instrumented with strain gauges to produce an electrical signal propor-
tional to torque. With both motor mounts instrumented the difference between
the two electrical signals is proportional to the desired tension. A simple
closed loop servo system can then maintain this electrical signal (the ten-

sion) constant regardless of other disturbances to the system.

Instead of controlling voltage to the retarding motor, however, it has been
determined that the drag is produced much more simply and with greater -accuracy
by resistively loading the dragging motor. The dragging motor is a generator
and produces a voltage. Increasing the load, i.e., decreasing the resistance
across the terminals, increases the torque required to turn the shaft of the

motor and thus the tension on the wrapping beams.

Test data taken on the full-scale model confirms the practicality of control-
ling tension by this method. The time required to deploy or retract the array

with proper tension is plotted against drive motor voltage (see schematic below).

DC Voltage (V) <> ;’/&‘g‘g Resistance (R) ;ﬁiimg

c_
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2.5.2.3 Power Transfer

Calculations based on slip rings used in similar applications and on data
supplied by Airflyte Electronics indicate that optimum slip ring performance
at extreme vacuum and at the low speeds at which the solar array slip ring
éésembly will operate when the rings are of coin silver and the brushes are
silver impregnated with molybdenum disulfide or niobium disulfide. Parameters

for such a slip ring assembly are shown below.

‘Brush Material Ag Nb 82
Ag Mo 82
Ring Material Ag
Number of Rings 8
Brushes per Ring 2
Brush Area 0.017 square inch (200 amp/sq. in.)
Current per Circuit 5 amps maximum |
Speed RPM 3 maximum
Potential Drop 20 millivolts

(Per Circuit

This assembly would be 1.75 inches in diameter and 3.6 inches long. It would
be mounted by means of 3.00 inch diameter flange, and would weigh less than

1 pound.

The contact resistance quoted is 4 milliohms per circuit. The power loss per

circuit allowing 5 amps per circuit is:

12R = 100 milliwatts

5 amperes

]
]

0.004 ohms

el
1}

For the eight circuits the total power loss is:

8 x 100 = 800 milliwatts
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2.5.3 Reliability Analysis

A reliability evaluation of the Solar Panel Array has been performed. A
general mathematical model was developed to logically depict the relationships
between the various system constituents and the detail specification

requirements.

2.5.3.1 Reliability Mathematic Model

The reliability model (Figure 30) shows the probability of success predicted
for each element and the aggregate. The prediction utilizes failure rates
on parts and materials where data is available and performance estimates on
other devices. Reliabilities are calculated for (1) and (10) deployment and
retraction cycles. K-factors utilized during various phases such as launch,
transition, deployment and post deployment are shown on the mission profile,

Figure 31. Figure 32 shows the failure rates utilized in this analysis.

Discussion of Math Model

The principal mechanical loads on the Solar Array occur during the launch
phase of the mission. The near zero gravity condition during other mission
phases essentially eliminates all loading except those thermally induced.
Stress due to thermal effects will be negated during design efforts by
thorough thermal analysis and adequate control means. The other loads exper-
ienced by the substrate, drum and support structures occurs during retraction
and deployment. The deployment and retraction loads are minor when compared
to the launch conditions. Exposure time to the environment, in either case,
is for very short periods. The failure rates of all devices are directly
related to the use environment and the probability of success is inversely
related to the environment exposure time. Therefore, the portion of the
mission phase for all system elements (except the solar cells) that is most
detrimental to probability of success is interplanet flight. This is due
almost entirely to the extended time in transit and is true even though the
in-transit failure rate is smaller than operational failure rates by 3 orders

of magnitude.
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SOLAR CELLS AND
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.99990 2 YEARS P = .99628
OPERATION (R4)

ARRAY STRUCTURE
X | INCLUDING BOOMS X >
1 .99907 (R3)

Figure 30 Mathematical Model

ESTIMATED MISSION EQUIVALENT TIME - SUB SOLAR ARRAY
- Mission Equivalent
Mission Phase K Factor Time (Hours) Time (Hours)

Launch 5.0 0.1 - .0.500
Array Deployment 1.0 0.115 ' 0.115
Inter-Planet 0.001 12,500 (18 mo.) 12,500
Array Retraction 1.0 0.115 0.115
Total Mission Equivalent Time (MET) 13.230

Figure 31 Mission Profile

Mission Equiva-
Subsystem FR/10% hrs|lent Time (MET) | Reliability
Drum & Support Structures| 200.00 13.23 hr 0.99735
Motor & Controls 78.96™ 13.23 hr 0.99962
Array Structure 70.00 13.23 hr 0.99907
Solar Cell and Power Buss 7.00** 13.23 hr 0.99990
Complete System 355, 96* 13.23 hr 0.99628

* Motor redundancy has the effect of reducing the Motor and Control
effective failure rate to 3.96/106 hrs for deployment and 28.96/ 106
hours for retraction.

**See Solar cell section for discussion of multiple redundancy that pro-
vides high reliability which was converted to the failure rate shown.

Figure 32 Subsystem Failure Rates and Reliabilities
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2.5.3.2 Mission Profile

‘Figure 31 depicts a probable mission profile for the Solar Panel Array System.
Each of the mission profile elements is time phased and corrected by a

- K-factor which is indicative of the stress anticipated during that mission
phase. The K-factors are patterned from similar factors used on other space
programs such as the Apollo. Such time factoring, to represent various
stresses encountered in a mission, has effects identical to failure rate
factoring but reduces the overall computational requirements. The no load
(gravity/acceleration free) condition during most of the mission plus the
freedom from degrading atmospheric effects such as corrosion, drag, etc., pro-

vide an idealized environment during a large portion of the total mission.

2.5.3.3 Solar Array Structure

The selected structural design which features an unloaded panel substrate for
the Rollup Solar Array has been analyzed to establish conformance with the
reliability goal of 0.999 probability that the array structure will success-
fully function when subjected to the specification requirements. It is con-
cluded that the design will meet or exceed the reliability objectives. This
conclusion while not based on the conventional statistical prediction method

is considered reasonable and valid based on the following considerations.

All materials and methods used in the design and manufacture of the array
structure are current state-of-the-art. The materials selected are compatible
with the intended space environment and have been successfully used on pre-

vious deep space missions.

Testing accomplished by Ryan on a similér structure (a 50-square foot rollup
solar array) has developed confidence that the reliability objectives for
the 250-square foot solar array can be achieved. The 50-square foot array
has been deployed and retracted at room anbient temperatures approximately
one hundred times without a critical structural failure occuring. A collap-
sible titanium beam, very similar to the beam design to be used on the 250-
square foot array, was deployed from a drum and retracted 2,000 times without

a failure of catastrophic nature. Some local buckling and cracks were evident

but did not detract from functional capability. This simile is considered to
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be subject design, even though conducted at room ambient temperatures and sea

level pressures, as titanium is unaffected by space enviromment except for
temperature (in this case, -150° to +300°F), a range that would have negligible
effect on the properties of titanium. Extensive tests have also been conducted
on the tab materials to be used to attach the substrate panels to the extend-
able beams. The tests demonstrated the feasibility of the attachment design

and provided some statistical evidence of the suitability of the material.

Low temperature thermal vacuum tests of the 50-square foot array revealed a
problem with thermal gradients between the substrate wrap and the support
structure. The loads induced in this environment resulted in a failure of
the substrate-to-beam attachment and buckling of the beams at the drum inter-
face during low temperature deployment. This problem has been eliminated on
the current design by providing flexible tab attachments between the substrate
and beams, by thermal control surfaces for both the substrate outer wrap and
for all exposed surface of the support structure thus minimizing the thermal
gradients and by providing an extension drive system that precludes the possi-
bility of buckling the beams. The experience gained provides insight for the

current design and lends confidence in achieving the structural objective.

Full size drum-substrate sinusoidal vibration tests conducted during the

Phase I activities correlated the analytical predictions and were accomplished

without failure of the drum and related structural items.

Rollup Drum and Support Structures

The mechanical reliability aspects of the drum structure were carefully
analysed during drum design efforts and safety margins exceeding specification
requirements were employed. This effort plus the suitability of the materials
employed for the intended environment will provide the level of reliability
required to successfully complete the mission requirements. Evaluation test
data will be utilized to provide assurance that the design will achieve

reliability objectives.
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The reliabilities shown for structures were derived empirically but are justi-

fied by adequate safety margins employed throughout the design. The relability
potential of such structures is almost completely dependent on the thoroughness
of stress analyses during design efforts, supported by verification testing.
‘Millions of failure free hours on air frames and space structures evidenced

the high reliability attainable by proper attention to design.

Reliability analyses of the data generated during evaluation tests of the
250-square foot array will be performed and the results reported.

These analyses will provide qualitative support of the array structure relia-
bility and by diligent use of K-factors to identify fatigue phenomena, quanti-

fication of reliability parameters is possible.

Drive Motors and Controls

During deployment two motors are employed to extend the panel and a failure
of either of the deployment drive motors or a failure of the retraction motor
will not prevent successful deployment. During retraction one of the deploy-
ment drive motors is required to provide braking action. Operation of the
retraction drive motor is also required. Thus, during Tetraction complete
redundancy is not available. It is noted that while complete redundancy is
not available, provisions are made through use of a slip clutch and free-
wheeling feature in the retract drive system so that under emergency conditions
the extension motors can retract the panel by rotation of the drum through
friction at the drive sprocket interface. The operational periods of the
motors during a deployment or retraction are approximately 0.115 hours. This
relatively short operational requirement in conjunction with the partial motor
redundancy assures a high probability of success for one or several deployment
and retraction cycles. One drive motor supplies deployment or retraction
power, while the opposing motor serves as a brake. This feature provides
continuous smooth retraction or deployment. Electronics sensing and compensa-
tion circuity is required for this feature. The parts utilized to provide
this feature, like all other electronic or electromechanical parts used in

ity this system, were selected for long term space use and are in conformance with

current high reliability specifications. A list of the electronic and
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electromechanical parts and their failure rates used in the 250-square foot

array system are provided in Table 7.

2.5.3.4 Deployment Reliability

A Successful deployment requires proper performance of all system elements
except the solar cells and power bus subsystem. Utilization of redundant
‘deployment motors provides such high levels of reliability that their effect
on successful deployment is for practical consideration eliminated. The
retraction provides braking torque to the roll drum during deployment but can
be overcome by the deployment motor if the retracting motor should fail. The
probability of one successful deployment, considers only the equivalent

mission time required to complete a deployment.

Rd =1 - (Rl fr + R2 fr + R3 fr) x (MET of 0.115 hour) = 0.999965

The probability of success is the total probability of the motor and control

circuitry completing one entire mission.

2.5.3.5 Retraction Reliability

Successful retraction requires proper performance of the retraction motor and
one of the redundant deployment motors plus the other elements described above

for deployment. The probability of success for one retraction, Rr’ is:

Rr =1 -« (Rl Fr + R2 (Mod) + R3 fr) x MET of 0.115 = 0.999961

2.5.3.6 Deployed Array Reliability

The after-deployment reliability is dependent on successful performance of the
solar cells and power distribution system, and the array support structure.
These elements are shown as blocks R3 and R4 on the reliability model. The
after-deployment reliability does not consider the launch, deployment or tran-

sit hazards. The reliability for a two year period is therefore:
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RDA =1 - (R3 fr + R4 fr) x (8-hour mission equivalent time (MET)

= 0.99938

(For reliabilities greater than 0.99 R eMisrR=1- At).
(fr = failure rate in failure per 106 hours).

2.5.3.7 Launch Reliability

The launch phase of the mission exposes all system elements to relatively high
vibratory stresses. The roll drum and support structures absorb the majority
of the launch stresses and are the most likely element to receive damage dur-
ing this mission phase. Solar cell damage is unlikely due to the damping pro-
vided by resilent foam discs between roll layers. The flexible beams in the
stowed condition absorb little if any stress. The launch phase K-factor was
selected to provide a degradation factor which is representative of the launch

environment.

The launch probability of success was determined by considering each system

element's probability of failure only during the time launch stress is imposed.
The probability of successfully completing the launch phase of the mission is:
R, =1 - (Rl fr + R2 fr + R3 + R4 fr) x (MET) of 0.5 hour = 0.99984

L

2.5.3.8 Total Mission Probability of Success

The success of a complete mission requires successful performance of all sub-
systems for the entire mission. Mission probability of success was calculated
for a complete mission consisting of launch, transit time, one deployment, and
two years operation. Mission probability of success is also shown for a com-

plete mission with 10 deployment and retraction cycles.

Rt for one deployment = 1 - (R1 fr + R2 fr + R3 fr + R4)

x (MET of 13.23 hours) = 0.99628
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Rt for ten deployments = 1 - (R1 fr + R3 fr + R4 fr)

x (MET) of 13.23 hours)

x (10x deployment and retraction probability of
success) = 0.995.

2.5.3.9 Solar Cell Reliability Analysis

Reported herein are the results of the reliability analysis performed on the

proposed design of a solar cell power supply for a rollup array.

Included is a failure effect analysis and reliability model with appropriate

calculations of system reliability and maximum anticipated power degradation.

The panel configuration consists of 13 subpanels. Each subpanel contains
eight circuits (modules). The circuits consist of 540 2 x 2 cm solar cells,
three in parallel by 180 in series. All wiring and connections will be
redundant. An array lifetime of two years will be used for reliability

calculations.

2.5.3,10 Solar Cell Failure Analysis

Failures Resulting in Complete Loss of Solar Cell Power

Short Circuit Failures

A short circuit of a solar cell results when a conducting path exists between
the upper and lower surface of a cell, The most probable cause for this type
of failure is a contact between the lower surface of the cell and the lead
from the submodule bus bar which is connected to the top surface of the same
cell. This will result in a short circuit of the affected cell. There will
be a slight variation in the operating voltage in that string resulting in a
correspondingly small power degradation. For a single short this power
degradation will be of the order of one-half percent for the affected string

when operating at no failure maximum power voltage. The total panel power

degradation will depend on the panel's operating voltage; however, typically
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a total power degradation of the order of 1/10 percent per failure will result

for the entire panel. Quality control inspection of the intercell connec-
tions substantially eliminates the possibility of occurrence of such a failure.

The probability of occurrence of this failure is therefore assumed to be zero.

A second source of shorting is caused when the negative bus contacts the posi-
tive bus causing complete loss of power for the whole panel. The;design as
proposed will use Kapton H film insulator between both busses thick enough to
prohibit any possible arcing. Quality cbntrol inspection of the assembly'with
bus bars and insulation will eliminate ény human induced failures introduced
during fabrication. The probability of such a failure occurring will also be

ZeTro.

For a 2 x 2 cm cell with the Sdlaflex(R) connections there are three solder
points on the lower surface and four on the upper surface which gives a prob-

16

ability of open failures of the order of 10~ and 10 ~° for the lower and

upper surface, respectively.

An open circuit cell failure may result from the fracture of a cell. The
probability is extremely small for such a failure not being detected during
preliminary inspections or occurring during normal operating conditions. An
open circuit failure caused by the separation of the electrode grid from the
upper surface of a cell may result from thermal cycling of the cell and/or
vibration of the cell. If all possibilities of open circuit failure for
normal operation are considered, the probability of an open circuit failure

of an individual solar cell is no greater than 3.2 x 10-S per 1,000 hours.
Investigations of cell fracturing have shown that due to the use of extended
Solaflex(R) solder tabs, open failures will result in only a very small part

of all cell failures.

Cell Failure Probabilities

For the 2 x 2 cm cell configuration the probability of "n'" failures, out of

a total of N cells, can be written as
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N-n

PN = (n-N) In!

n PP 1 - NP

where P is the probability of failure for one cell during a two year period.
For the 2 x 2 cm cell P equals 7.7 x 10'5. Thus, the probability of losing .
"n" 2 x 2 cm cells in the proposed panel (56,160) will be

56160!

nP56160 (56160 -n) n! p" (1_p)56160 -n
the values of m, forn=0, 1, 2, 3, 4, 5, 6, are
56160
n=0 0.007259
n =1 0.035754
no= 2 0.088056
n=3 0.144575
n =4 0.178022
n=3 0.175365

The sum of the nPN fromn = 0 to n = K will be the probability that no more
than K of the N cells will fracture. This can be called the reliability of

no more than K failures, or RK’

K
Ry = 25 “PN
(n=20)

Sixteen (16) cell failures will be given an RK of 0.999918, i.e., there is a
probability of 0.99918 that during a two year mission no more than 16 cells
will fracture, Employing this figure in the total panel reliability (includ-
ing wiring, insulations, étc.) a total reliability of 0.99975 can be achieved.

This calculation will be shown later.

The 16 cell failures will distribute themselves among the 13 subpanels. The

probability of n fajlures within a single module will be n, .
4320
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Values for n = 1, 2, 3, and 4 are:

n=1 0.259
n=2 0.049
n=3 0.006

n=4 0.00004

This indicates that the probability of three cells failing in the same sub-
panel will be approximately 1/40 the probability that one will fail. Since
only 16 failures are considered this would imply that in the worst case the
failures will distribute themselves such that temn subpanels have one cell
failure each and three subpanels have two cell failures each. By examining
Npc,g the distribution of failures among the eight circuits (modules) (each
with 540 cells) can be found.

We get forn=1, 2, 3

n=1 0.045
n=2 0.001

n=3 0.00002

Thus, the probability of two failures occurring in ome circuit is 1/45 the
probability that one failure will occur. Since in the worst case, a subpanel
will have at most two failures, the most probably distribution along the
circuits would be for two circuits to have one failure each, and six circuits

to have no failures.

For the 2 x 2 cm cells then, a total panel probability of 0.99975 can be
achieved with 16 failures distributing themselves in the worst case among the
13 subpanels, each with eight circuits, as described above. This would
represent a power loss for the panel of approximately 0.05 percent, based on

cell fracture power losses.
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2.5.3.11 Wiring Reliability and Failure Analysis

Total Panel Reliability

The total panel reliability, R, will depend upon the total reliability of the

solar cells, Rx’ and the panel wiring reliability, Rl'

Panel Wiring Reliability

The panel wiring reliability will depend on the positive longitudinal bus
reliability, Rz, the inter bus insulation, RS’ the negative longitudinal bus
reliability, R4, the positive longitudinal bus to transverse bus solder

connection reliability, RS’ the negative longitudinal bus to transverse bus

solder connection, R6’ and the subpanel wiring reliability, R7,
13
IRI—VRZ. R3. 34 [R5. RG' Rj]
R R R R 13 13 13
2 3 4 5 RB R?

Subpanel Wiring Reliability

The subpanel wiring reliability, R.,, depends on the positive transverse bus

, 7’
religbility, R8, the negative transverse bus reliability, Rg, the positive

circuit to transverse bus connection reliability, RlO’ the negative circuit
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to transverse bus connection reliability, Rll’ and the reliability of the

interbus insulator, RS’

_ 18
R, =Rg Ry Ry [Rlo Riq

RS RB RQ R10 Rll

Rio (and Rll) will depend on the circuit bus bar to transverse subpanel solder

connection reliability, R14, (Rls).

y
Rio=Ris [1 ~(1-R, g ]

- 2
Ri1 = Rys {1 - (7R g ]

B3 Ris
Ria [ Bys
Rl3 R13
Component Failures/Hour Reliability for Two Years
R , 0.999
R, ' 0.999 999
-11

R, 1.0 x 10 0.999 999 8
R3 1.0 x 10'11 0.999 999 8
R, 1.0 x 10”11 0.999 999 8
R 1.0 x 10”1 0.999 999 8 ;
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Component Failure/Hour . Reliability for Two Years

R 1.0 x 10711 0.999 999 8
_R7 ' 0.999 999 8
R8 No failures have occurred 1.0
to present time
Ry ~ No failures have occurred 1.0
‘ to present time
R10 0.999 999 999 999
R11 _ 0.999 999 999 999
R,z 1.0 x 1071 0.999 999 8
'R14 No failures have occurred 1.0

to present time

i
[on

R15 No failures have occurred
to present time

2.5.4 Weight Study

The weight of the array includes all items required up to the array/spacecraft

interface.

The weight studies made continuing use of data derived from the 50-square foot

rollout panel program.

A continuing weight monitor was maintained throughout the program (see Figure
33). The monitor reflects the effects of various trade studies and the pro-
gressively more exact definition of components during the detail design phase.
A major factor influencing the dip in the monitor curve at approximately the
85% point in the trade study phase, was the requirement for increased rigidity
in the spacecraft mounts, This requirement became evident from data derived
during vibration testing of the 50-square foot rollout panel. The general
downward slope between the second quarter and third quarter was the result of
full development of details and the appraisél of weight attributed to the

details. The downward trend between the third quarter and completion of the
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task was due to provisions for thermal effects. The major provisions affect-
ing weight during this period were the incorporation of a thermal coated
blanket on the outer substrate wrap and a slip fitting in the mounting bracket

to accommodate thermal growth.

The weight monitor chart also shows the weight allocated to the electrical
installation during various periods of the program. It is noted that the
original assumption of 0.09 pound/square foot was carried from the inception
of this program to the end of the third quarter. During the last quarter a
value of 0.178 pbund/square foot, based on studies and actual weight developed
by Ryan and Spectrolab, was used in the weight analysis. Recent information
from JPL establishes the weight of 2 x 2 cm cells at 0.17 grams and 3 mil
cover slips at 0.065 grams. Based on these values the electrical installation

weight is reduced from 0.178 pound/square foot to 0.165 pound/square foot.

The watts/pound capability of the array is calculated based on nominal drawing
tolerances and sheet thicknesses, using the baseline 10 watts/square foot cell

power output.

(10) (Solar Cell Area)
Weight

Watts/pound =

where;
Solar €ell Area = 250.72 square feet

Nominal Array Weight = 80.451 pounds

(10) (250.72)

Watts/Pound 50 451

31.16

Detail weight data is incorporated in Section 7.3 of the Appendix.

2.6 DESIGN DEVELOPMENT TESTS
The following tests were conducted to determine the effects of the more cri-

tical design environments on those components which contribute significantly

to the efficiency of the total array. The results were used for deriving
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loads for detail stress analysis, optimization of the proposed design and com-

parison with assumptions made in the early phases of the program.

2.6.1 Drive Motor System Test

Tests were conducted to determine the feasibility of providing tension in the
deployable beams, between the beam drive pinion and the drum, by differentially
varying the output of the deploy and retract motors. Two different motors,

one 27 vdc rated at 100-inch-pounds torque and the other 24 vdc rated at 262
inch-ounces were used. The measured torque-speed characteristics of these
motors are shown in Figure 34 and 35. This test data was used to determine

motor control parameters.

Tests were then performed to demonstrate that the above mentioned tension
could be obtained by varying the load between the driving motor and the drag
motor (see Figure 36). The two motors were connected so that they rotated in
the same direction and the voltage to each was controlled. The motors were
interconnected mechanically by a cable attached to a sheave at each motor
output shaft. Cable tension was measured by a load cell. Analysis has shown
that a maximum of ten pounds can be applied to the teeth of the corrugated
drive strip on the beams, therefore, the tests were run at tensions between
two and ten pounds. Test data shows that by controlling the voltage to the
dragging motor a constant tension can be maintained in the cable between the

motors.

2.6.2 Dynamic Characteristics Test of Wrapped Panel Layer Separation Medium

A structural damping characteristic test (reported in Reference 2) of a small
section of panel with polyurethane foam pads on the back and wired solar cells
on the opposite side was conducted. The purpose of this test was to determine
the amount of sinusoidal dynamic energy which can be transmitted through a

representative pad configuration at resonance.
The specimen was draped over and attached to a rigid fixture, simulating the

wrapped panel on the stowage drum in a 1lg field without pretension (see U

Figure 37). Dynamic transmissibilities were obtained at various resonant
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frequencies for different levels of sinusoidal excitation up to 3g (0-Pk).

Results show a transmissibility of approximately 4 to 1 at the stowed panel
design frequency, rather than 10 to 1 used in early analysis for foam pad

configuration design.

Figure 37 Damping Pad Test Setup

2.6.3 Sinusoidal Vibration Test of Stowed Panel Excited Normal to Wrap Drum
Axis

To optimize and verify the design it was considered necessary to substantiate

assumptions and obtain data in the following important areas:
. Suitability of 1 mil Kapton.
. The response acceleration of the large stowed panel mass.
. Substantiation of the design assumption that the load distribution

on the wrap drum would be characteristic of a pin ended beam vibrating

at critical resonance (see illustration on following page).
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ASSUMED LOAD DISTRIBUTION
WHICH CHARACTERIZES DEFLECTION

END BEAR
CURVE OF A PIN-ENDED BEAM ING

END

EARING '
B G ////1rv , L 4
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= o

WRAP DRUM SUPPORTED AT END BEARINGS

Verification that the deflection of the drum, under vibration would

not exceed the 1/4 inch deflection established as a Ryan requirement.

Determination of the dynamic transmissibility through the drum and

end bearings at the stowed panel resonance.

A full size wrap drum, 12-inches in diameter of 0.032 magnesium per Ryan
Drawing No. 400U023 was installed in a rigid aluminum fixture at each end
support bearing, (see Figure 38). Dynamic analysis showed that the stowed
panel mode and wrap drum resonance modes would be lower than the spacecraft
mount resonance mode and that dynamic transmissibility through the spacecraft
mount at those resonances would be 1 to 1, justifying a test without the use

of spacecraft mounts.
Six full width substrate panels of 1 mil Kapton were used. Each substrate

o panel was covered with 2 x 2 dummy chips except for an area in center to which

was applied a 9-1/2" x 9-1/2" solar cell matrix consisting of 2 x 6 cells
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not interconnected. The weight of the dummy chips used on the six substrates

was equivalent to the total weight of solar cells for the full solar panel

consisting of 13 substrates.

The back of the substrate panels had 0.15 inch thick, 2 pounds/cubic foot poly-
urethane foam damping pads representing the area coverage established by ana-
lysis. The panels were carefully wrapped, without pretension, around the drum.
Tests were conducted by first applying one wrap and then successiveiy adding
wraps. After each addition of a panel wrap; a test was made and the mode
shapes, resonance frequency, and response accelerations were recorded. Since
two of the six wraps had dummy chips of copper which represented 50 percent

of the total solar cell installation mass, care was taken in testing to eval-

uate the influence on test results.

Figure 38 Test Setup - Stowed Panel Vibration Test o
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Test Results

Each successive wfap after the third had little effect 6n the dynamic charac-
teristics, with the exception of panel and drum transmissibilities. Damping
provided by the stowed panel appeared to increase as the wraps were added, but
the increase appears to be negligible after the sixth wrap is added (see

following test curve).

At the critical resonance (stowed panel, 30 Hz), transmissiblities through
the drum end plate were the samé with the fifth and sixth wraps (1 to 1) and
transmissibilities through the drum mount bearings were 1.17 with all six
wraps.

EXTRAPOLATION TO
ACTUAL NO. OF WRAPS

4™ TEST DATA-

O p—
(Y
O
[y
H
-t
[\

0 1 2 3 4 5 6 7 8
PANEL WRAP

DYNAMIC TRANSMISSIBILITY
OF PANEL AT PANEL RESONANCE

" The drum and stowed panel resonances were found to be completely decoupled.
The drum, in actuality is not loaded by the stowed panel motion as a beam in
bending as was assumed. As a result the magnesium proposed for the drum
material has sufficient stiffness and may be reduced in thickness to save
weight (0.025 from 0.032 inch).
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WRAP DRUM STOWED PANEL
MODE SHAPE

Y

CRITICAL RESONANCE
(STOWED PANEL ELLIPTIC
MODE SHAPE)

A monitor of the stowed panel wraps at the maximum deflection mode shape

(30 Hz) showed that all wraps were vibrating in phase, and that at lower exci-
tation levels the mode was radial in shape, changing to the elliptic shape
(more critical shape) at forcing excitations above lg (Pk); there was no
other change, with the exception of a reduction in panel transmissibility ,
(from 8.6 to 4) at the 4g (Pk) excitation. The maximum stowed panel,defleé—
tion was 0.20 inch at the 30 Hz mode, which is within the 0.25 inch limit set
by Ryan in the design.

The tests showed that it is neceséary to provide 100 percent bond area at the
cells when using thin membrane type substrate material of low modulus of
elasticity. No failures of the solar cell cover glass combination occurred;
however, some solar cell interconnects on the matrices of each panel wrap were
found broken as a result of testing. There was 108 minutes of accumulated
cycle time on the inner wrap and 10 minutes on the outer wrap.

FLEXIBLE TYPE PARTIAL
2 MIL SILVER COATED - BOND AREA

COPPER INTERCONNECTS
(4 PER 6 CM LENGTH)

SOLAR CELL

| .
L)

SUBSTRATE (1 MIL KAPTON) -
CROSS~SECTION OF SOLAR CELLS SHOWING AREA OF DAMAGE OF INTERCONNECTS
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2.6,4 Solar Cell Interconnect Vibration Evalpation Tests

This section discusses the sinusoidal vibration evaluation test program which
was conducted to determine a suitable solar cell interconnect compatible for

use with a thin membrane substrate.

Purpose of Test

To find the best interconnect and bond method (partial or 100 percent bond
area) which is compatible with sinusoidal loading under conditions simulating
that which occurred during the full size drum vibration test, where the deflec-
tion was 0.2 inch single amplitude measured at the outer wrap in the plane of
vibration at the elliptic mode.

Specimen Configurations for Evaluation

Configuration Description
1 2 x 6 cm (14 mil) cell with copper flexible

interconnects (4 per 6 cm length) with cell

bond area in the center of cell only.

2 2 x 2 cm (12 mil cell and 3 mil cover) with
copper flexible interconnects (12 per 6 cm
length) with cell bond area in center of cell

only.

3 2 x 6 cm cell with Molybdenum flexible inter-
| connects (4 per 6 cm length) with 100 percent

cell bond area.

4 2 x 6 cm cell with copper flexible interconnects
(4 per 6 cm length) with 100 percent cell bond

area.
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Configuratiqn Description

5 2 x 6 cm cell with copper flexible interconnects
' (12 per 6 cm length) with 100 percent cell bond
area.

Each specimen had a wired solar cell matrix (6 x 10) bonded at the center of
an 8-1/2" x 10-1/2" 1-mil Kapton substrate with dummy chips covering the
balance of the substrate area. '

Test SetuE

The specimen was draped to simulate the wrapped conditions over a six-inch
radius rigid aluminum cylindriéal half-section fixture. The fixture had 0.75
inch ‘diameter x 0.15 inch thick damping pads on 1.9 inch centers attached to
its surface. The specimen was clamped at its two ends to the fixture as
shown in Figure 39. The fixture was mounted to a sine wave vibration exciter
and the specimen response accelerations monitored using a miniature acceler-
ometer attached to the solar cell coverglass at the center of the specimen
in the plane of excitation. Input excitation levels were controlled from an
accelerometer mounted to the fixture in the plane of excitation. Each speci-
men was mass loaded, to give the desired amount of force in the specimen when
driven at 18g response at a frequency of 20 Hz. This characterized a loading
distribution similar to that obtained during vibration test of the full size

drum.

Test Results

The interconnect failure rate is plotted in Figure 40.

Weight
Specimen Configuration lbs/ft2 Remarks
1 - Poorest 0.2390 Not enough interconnects with small

bond area.
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Weight

Specimen Configuration lbs/ft , Remarks
2 - Better than No. 1 0.2322 Greater number of interconnects affected

results with respect to No. 1.

3 - Better than No. 2 0.2221 - Either larger bond or different inter-
‘ comnect material affected results with
respect to No. 2.
4 - Better than No. 3 0.2322 Larger bond area is better. Copper
interconnect seems to be better.
5 - Best : 0.2659 Larger bond area with greater number of

copper flexible interconnects is best.

No failure at 15 minutes and 18g.
The above listed weights should be considered as relétive, only, because the
solar cells used were thicker than 8 mil, in which case the weight should
have been about 0.174 pound/square foot using 3 mil covers. The breakdown
however, does show consistency in weight, regardless of interconnect
configuration.

The radial force at 18g response for the specimens is calculated as:

(lbs/ftz) (g response) = (1.61) (18) = 29 lbs/ft2

which approximates the 31 pounds/square foot loading at the solar cells on the

outer wrap of the full size test drum.
Conclusions

The configurations which satisfactorily passed the evaluation test were No. 4

and 5. The desirable configuration characteristics are:

100 percent solar cell bond area
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flexible interconnects

2 mil copper interconnect material

12 interconnects per each 6 cm cell length.

2.6.5 Panel Axial Loads - Launch Environment

The severity of axial vibration and its effect on proper deployment was shown
by the test performed on the 50-square foot rollup panel. In the 30-watts/
pound array intermittently spaced fence brackets are installed at either end.
of the wrap drum to restain the axial motion of the panel and beams when the
drum is excited along its major axis. The calculated force at each bracket

induced by the substrate is approximately 10 pounds limit, Reference 2.

A static load test of a wrapped beam section was conducted to verif? the capa-
bility of the substrate attachment tabs, the retaining brackets, and the
flattened beam to withstand the calculated design loads. The design load was
applied without failure (see Figure 41). |

FENCE BRACKET
RUBBER BUSHING

STOWED BEAM —____ , MOUNTED TO DRUM

P

— | INDUCED FORCES
~> } FROM STOWED

—

> | PANEL WRAPS
—p

e~

WRAP DRUM —__

Figure 41 Fence Bracket
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2.6.6 Adhesive Evaluations - Environmental

An evaluation of various adhesive systems for solar cells was performed to
measure compliance of these systems with paragraph 3.3.1c of JPL Specification
85501407A. The purpose of the test was to establish whether (a) adhesive pro-
perties suffered any appreciable degradation when thermal cycled in a high
vacuum and (b) the adhesives showed an appreciabie weight loss after being

subjected to high and low temperature extremes in a high vacuum.

Tests were conducted on the following adhesives:

RTV 602 RTV 41

Sylgard 182 RTV 511
Siliastic 140, - RTV 577
Schjeldahl GT-100 RTV 3145

Samples were prepared by casting a controlled thickness of adhesive between
two cylindrical bars suitable for tension test. Specimen preparation is

described in detail in Reference 1.

Each sample was weighed and numbered before test and the weight recorded from
an analytical balance. One control sample was then selected from each group
of three adhesive samples and withheld from thermal vacuum. The remaining
samples were subjected to ten cycles from -195°C to 140°C at 1 x 1070 torr,
with a 90 minute cycle and temperature stabilization dwell at the extreme

temperatures.

When thermal vacuum testing was complete, samples were re-weighed and a tensile
test was then conducted on the samples to check any degradation in adhesvie

strength.

Stress strain curves were plotted for each of the test samples after the ther-
mal vacuum tests. The curves of similar samples were compared for any gross
deviations (t10 percent)'fTOm the control samples. Any deviation in excess

of 10 percent would indicate a severe degradation in the adhesive.
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None of the samples, with the exception of the Schjeldahl GT-100, showed any

appreciable degradation due to thermal cycling in a vacuum.

Table 8 sumarizes the test results. Test details are reported in References 1

and 3. Test results for RTV 602,

Sylgard 182 and Silastic 140 were inconclu-

sive due to sample damage and have therefore been omitted from this summary.

TABLE 8

EFFECT OF THERMAL VACUUM ON ADHESIVES

(10 Cycles From -195°C to 140°C at 107 Torr)

Weight Loss , Tensile Strength
Material Percent Change Percent
RTV 577 1.2 -5.3
RTV 511 0.4 +15.0
RTV 41 0.3 +4.8
RTV 3145 0.3 -3.0
Silastic 140 0.2 -8.5

2.6.7 Adhesive BondingﬁTests

Screening tests were conducted on

and polymide adhesives (Reference

Kapton bonding using various epoxy, silicone
1).

Solar cell bonding was evaluated by performing peel tests. Kapton splicing

was evaluated by performing lap shear and peel tests. Adhesives tested

included RTV 41, RTV 511, and RTV

3145 for solar cell bonding. Kapton

splicing adhesives tested were FM 1044R, Narmco 225, FM 964, TR-150-25 and

Narmco 329.
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The results of these tests indicated that the best flexible adhesive systems
were RTV 3145 for cell bonding and FM 1044R for Kapton splicing.

The test results of several adhesives are summarized in the following table.

‘Detailed test procedures and results are presented in Reference 1.

Peel Shear
Strength Strength
Adhesive Primer psi psi
Kapton to Solar Cell RTV 411 $S4044 2.7 ——-
Kapton to Solar Cell RTV 511 $54004 1.4 -—-
Kapton to Solar Cell RTV 3145 1200 3.5 -
(cells only)
Kapton to Kapton FM 1044R ——— 2.3 >109*
Kapton to Kapton TR-150-25 -— - 141
Kapton to Kapton Narmco 329 - 0.2 > 92%

*Kapton film failed in tension

2.6.8 Substrate Edge Attachment

Tests were conducted to measure joint strength and failure modes of the beam
to substrate edge attachment. Tests on rigid metal connectors and flexible
silicone rubber coated glass cloth were conducted (References 1 and 3).

Results of the flexible tab tests indicated that a shear strength of 138 psi
was obtained in glass fiber to titanium bonds using RTV 3145 and 1200 primer

on the mating surfaces.
Additional tensile shear strength tests were performed using woven glass fiber

tapes bonded to Kapton with RTV 3145. Test results are presented on the
following page:
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TENSILE SHEAR STRENGTH OF GLASS FABRIC TO KAPTON.BONDS WITH RTV 3145

Shear
Strength
Material Primer (psi) Failure Mode

Tape 4538-5910 (Carolina)* None 50 To Kapton
Tape 4538-S910 (Carolina) 90-198 (Kapton) 55 To Kapton
Tape 4538-S910 (Carolina) 1200 (Kapton) 49 To Kapton
Tape 138 (Fiber Mfg. Co.)* None 25 To Kapton
Tape 138 (Fiber Mfg. Co.) ~ 90-198 (Kapton) 47 To Kapton
Tape 138 (Fiber Mfg. Co.) 1200 (Kapton) 53 To Kapton

*Tape dimensions 1.0 inch wide x 0.003 inch

The tests indicate that a suitable edge attachment can be made using glass
fiber tape. The design selected uses a flexible glass fiber woven tape 1.0
inch wide by 0.003 inch thick bonded to the titanium beam and Kapton substrate
with RTV 3145.

2.6.9 Plating Method for Aluminum Bus Bar

The design of the array requires electrical connections to be made to the
aluminum bus by soldering. A silver clad aluminum foil had been previously
considered. However, it would be desirable to provide a silver plated sur-
face, only in the areas to be soldered. The surface should be capable of

soldering and desoldering so that rework can be performed if required.

Test samples consisting of a sheet of aluminum bonded between two sheets of
Kapton were prepared with slots two inches long by 1/4-inch wide, provided in
the Kapton. The aluminum connection areas, were brush-plated using Selectron
No. 2 Activator, Selectron acid high speed copper and Selectron silver plating
solution. Copper foil strips, 1/8-inch wide by 0.0015-inch thick were
soldered to the plated surface using Kester 1544 flux and SN-53 solder. The
strips were desoldered and soldered again, as noted, and pull tests performed

as shown in Table 9.
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TABLE 9

PEEL STRENGTH OF PLATED ALUMINUM FOIL SOLDER CONNECTIONS

Solder/Desolder] Peel Strength
Specimen | Plating Process Cycles (1bs/in. width)| Failure Mode
1 Activator/silver 1 4.5 Silver-aluminum
separation
2 Activator/silver 1 4.9 Silver-aluminum
separation
3 Activator/silver 5 2.1 Silver-aluminum
separation
4 Activator/éopper/ 1 5.3 Copper-aluminum
silver : separation
5 Activator/copper/ 1 6.8 Copper-aluminum
silver separation
6 Activator/copper/ 5 3.1 ., Aluminum tore
silver
7 Activator/copper/ 5 3.6 Copper-aluminum
silver separation

The tests indicate either of the two plating systems provide acceptable adhe-

sion. The Activator/copper/silver system is preferred.

2.6.10 Solar Cell Interconnection‘Tesf

This test was conducted to measure the effect of thermocyling one hundred
times from -148°F to +168°F with a temperature gradient of 54°F/minute on the

following bus bar materials:

a. Aluminum with copper flash and silver plate -
b. Aluminum with nickel flash and silver plate
¢. Copper with silver plate

Molybdenum (silver clad)
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Physical investigation included discoloration, fatiguing, and scparation of

solder joints from the solar cell.

All cells used were bar contact 2 x 6 cm. Molybdenum and aluminum with
copper and silver plating modules used six cells. The copper with‘silver
plate modules used four cells. The aluminum with nickel and silver plating

used eight cells.
The modules were placed on three shelves with Kapton tape in the test chamber.

Three modules were placed in the chamber; molybdenum was added at the 50th
cycle. One-hundred cycles were run from +168°F to -148°F with a minumum
temperature gradient of 54°F per minute between hot and cold stabilization.
Once stability of the chamber occurred, thermocouples were given a five-minute
stabilization time. When stabilization was completed temperature was held

for an additional one minute for the timed soak period. All modules, upon

the completion of each ten cycles, were removed from the chamber and inspected
for any discrepancies, as described before. This procedure was carried out
for one-hundred (100) cycles (fifty for molybdenum) at which time the test

was complete.

The bus bar assemblies were inspected under a thirty (30) power stereomicro-
scope for discoloration, buckling and various other visible problems mentioned

earlier.

Each solder connection between cell and bus bar was pried, under magnification,
to observe any sign of brittling or separation. When inspection was complete

the modules were replaced in the chamber.

Results

Of the four modules tested degradation was evident in three. The two aluminum
bus bar samples; i.e., with nickel and silver plate, and copper and silver

plate, showed a tendency to stretch and wrinkle slightly over one-hundred

cycles. The molybdenum showed signs of severe discoloration on two of the
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six bus bars, after forty cycles. Further investigation, however, revealed
this to be an oxidation of the silver plating. The copper with silver plate

bus bas showed virtually no sign of any degradation.

‘Several broken tabs and a few cracks were noted at the cell junction. This,
however, can be attributed to fatigue from handling, as it was practically
impossible to remove and replace without bending slightly. No solder failures

were noted.

The tests indicate that copper with silver plate would provide an acceptable
interconnect. However, further thermal vacuum testing with 2 cm x 2 c¢m solar
cells bonded to Kapton substrate must be conducted to verify the selection of

copper interconnects.

A previous test program indicated that the silver-clad molybdenum was capable
of withstanding temperature gradients far in excess of the 54°F per minute.

The principal problem associated with molybdenum is the difficulty of obtaining
vendors capable of plating molybdenum. This problem could have a profound

influence on any large program with an accelerated delivery schedule.

2.7 MODEL DESCRIPTION

The full size deployment model has been designed and constructed to incorporate
all significant features of the subsolar array design. Figures 42, 43, 44, 45,
and 46 are photographs of the model with the substrate retracted, partially
deployed horizontal, fully deployed horizontal, partially deployed vertical

and fully deployed vertical. The major elements of the model are as follows:

Wrap Drum

The wrap drum is full size, fabricated from 0.032 gage magnesium skin and
supported internally with three '"Z" section rings. The drum skin is perfor-
ated with flanged lightening holes to minimize the weight. The end bulkheads
are made from a plywood sandwich with titanium skins designed to be dynamically

similar to the actual array bulkheads.
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Drum/Beam Support Structure

The drum support structure is machined from aluminum extrusions and provides
the support track for the drum-axle mounted teflon slide. The machined sec-
tions are riveted to aluminum sheet metal box sections which serve as the
mounting for the teflon beam guides and for the deployment motor, pinion

gear and drive shaft.

Substrate Assembly

The substrate assembly consists of thirteen 37 x 38-inch subpanels made from
one mil Kapton H film. The panels are attached to the titanium support beams
with 1.0 inch wide fiberglass tabs spaced at approximately 4.0 inches. The
tabs are bonded to the Kapton and to the beams with RTV-3145 adhesive. The
panels are interconnected with the fiberglass tabs at approximately 4.0-inch
spacing. Scored styrofoam sheets are bonded to each of the thirteen panels

to simulate the solar cells.

Polyurethane pads and simulated transverse and longitudinal bussing are

incorporated to represent the actual solar panel installation.

The deployment beams are full size 3 mil 1.7-inch diameter 6Al1-4V titanium
and were fabricated by welding two 18-foot sections and a 7-foot section
together to achieve the 43-foot total length. The corrugated drive strip
was made from commercial pure titanium and welded to the beams prior to

forming and assembly.

Deployment System

The deployment system as presented by the model is functionally identical to
the system proposed for the solar array. The system consists of a deployment
motor mounted to one of two pinion gears. The gears engage the corrugated
drive strips attached to the deployment beams. The gears are connected by a
torque shaft which synchronizes the deployment rate of the beams and solar

panel.
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A second motor is mounted on the drum-axle slide and provides the power for

retracting the solar panel.

During the deployment cycle the gear mounted motor supplies power to the rack
-and pinion system which extracts the beams and substrate from the wrap drum.
The retraction motor provides a dragging torque to maintain uniform deployment
and tight beam wraps on the drum. Retraction <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>